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Present study investigated removal of selenocyanate species from aqueous phase using 
TiO2 based adsorption and photocatalysis. Initially, competitive adsorption of selenite, 
selenate and selenocyanate onto TiO2 was studied under varying mixed scenarios that was 
followed by a detailed investigation on the efficiency of TiO2 based photocatalytic 
degradation (PCD) process for the competitive destruction of selenocyanate complex along 
with simultaneous removal of co-pollutants ammonia, cyanide, thiocyanate, and phenol 
from simulated mixed wastewater streams. For mixed selenite & selenate binary systems 
we noted high selenite adsorption with no noticeable selenate effect onto selenite 
adsorption even up to 10 ppm selenate. However, selenate adsorption was markedly 
affected by the selenite species. Nevertheless, results from the binary selenite & 
selenocyanate mixed systems indicated no such competitive adsorption trend and similar 
was also noted for the binary selenate & selenocyanate mixed adsorption studies. 
Findings from the tertiary mixed selenite, selenate, and selenocyanate studies showed 
similar adsorption trends. In general, the adsorption results above pH 4 showed selenite > 
selenocyanate > selenate. For adsorption modelling an inner sphere type complex i.e., Ti-
SeO3
-
 reasonably predicted selenite adsorption whereas selenate & selenocyanate 
adsorptions were well predicted considering outer sphere complexes, i.e., Ti-H2O-SeO4
-
 
and Ti-H2O-SeCN respectively. The adsorption results from the present work indicate 
that selenite, selenate, and selenocyanate species can be effectively removed from 
respective aqueous streams under varying mixed competitive conditions using the TiO2 
based adsorption process with a careful control of process parameters. The present study 
also investigated the efficiency of both UV and solar light assisted photocatalysis for the 
removal of selenocyanate from aqueous phase under a varying set of mixed conditions. 
Higher solar photocatalytic removal of selenium species transpired at pH 4 and it 
increased with an increase in both initial selenium and initial EDTA concentrations. The 
mechanism for selenocyanate removal is via SeCN complex destruction followed by 





selenium using hole scavenger EDA. Solar photocatalysis in the presence of co-pollutants 












. It is worth noting 
that while selenium and thiocyanate species were converted to elemental selenium and 
sulfate respectively, no significant removal of ammonia and cyanide was noted for other 
experimental conditions. The mechanism of phenol removal in the presence of 
selenocyanate involves the formation of benzeneseleninic acid, hydroquinone, resorcinol, 
and pyrocatechol as primary intermediates. Secondary intermediates include maleic acid, 
formic acid and fumaric acid among others.  
Linear and two factor interaction mathematical models were developed for photocatalytic 
removal of selenocyanate and phenol under competitive environment using face-centered 






 were obtained from 
regression analysis establishing the prediction ability of the models. Natural log 
transformation was applied to selenocyanate model as suggested by Box-Cox plot while 
perturbation plot was utilized for identifying relative significance of the factors. After 
successful model diagnosis and validation using various statistical approaches, the 
models were also validated experimentally. Optimal process conditions for photocatalytic 
removal of selenocyanate and phenol form aqueous phase were pH 4, 10 ppm 
selenocyanate, 5 ppm phenol and 450 ppm EDTA concentrations. RSM modelling prove 
to be an economical way for the removal of selenocyanate and phenol from aqueous 
phase using the optimization techniques. 
Lastly, kinetic models for photocatalytic removal of selenocyanate and phenol under 
varying experimental conditions were developed by considering degradation of reactants 
and the formation and disappearance of reaction intermediates. Considering steady state 
assumption, ordinary differential equations representing the rate of change of each 
reactant were setup and solved using Mathematica to obtain reaction rate constants. 
ParametricNDSolve and NonlinearModelfit command were utilized for solving the 
differential equation and fitting the experimental data to the model respectively. Excellent 
to very good model fits were achieved as suggested by adjusted R
2
 values as high as 
0.999. Modeling results suggest selenocyanate removal via oxidation to selenite and then 
selenate and reaction of selenocyanate and phenol to form benzeneseleninic acid 
especially at low pH values. Formation of benzenediols and benzeneseleninic acid were 
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Though selenium is an essential micronutrient, however intake of elevated selenium 
amounts could result in to serious human health concerns and diseases [1-9]. Considering 
the respective health issues, several countries have imposed very low selenium regulatory 
limits both for water and wastewater treatment, for example the U.S. EPA has set 50 ppb 
selenium limit for drinking water whereas the WHO has set 10 ppm as selenium limit. 
Though typically selenite (SeO3
2-
) and selenate (SeO4
2-
) account for most Se-species in 
selenium contaminated water bodies however selenocyanate (SeCN
-
) is another dominant 
Se-species in specific industrial effluents including those from petroleum refineries, 
mining, and power plants using fossil fuels [10-15]. This becomes more of a concern as 
selenocyanate species is not only toxic but also poses a removal challenge. Furthermore 
co-pollutants ammonia, thiocyanate, and cyanide [5, 12, 16, 17] which are also noted in 
respective streams are also of environmental concern. Likewise, phenol which co-exists 
with selenium species especially in petroleum refinery wastewater [18-22] is also toxic 
and thus of great environmental concern. Furthermore, these co-pollutants will render 
selenocyanate treatment even more challenging because of synergistic effects. Traditional 
technologies such as using ferric chloride based coagulation is not feasible because of 
reasons including low attachment of selenocyanate on to formed iron hydroxide 





oxyanions selenite and selenate with no further removal. Considering this, several studies 
have investigated and reported the removal of selenocyanate species from the aqueous 
phase using specific technologies. For example, a patented technology mentions 
selenocyanate complex destruction using a proprietary chemical oxidant along with co-
precipitation of oxidized selenium species employing ferric coagulant [23]. Two 
employed two continuous stirred tank reactors (CSTR) in series were employed for the 
removal of aqueous phase selenium species. In the first CSTR, ferric salt was added to 
the waste stream with formation of ferric hydroxide and ferric oxyhydroxide precipitates. 
In the second CSTR, permanganate salt was added to facilitate the oxidation of selenium 
species in the effluent of the first CSTR to selenite which is later adsorbed by the 
respective metal precipitates and removed from aqueous phase. Furthermore 
selenocyanate removal via direct reaction with zero valent iron (ZVI) or copper based 
salts has also been reported [5, 16]. These processes though reported to be successful 
have concerns such as significant sludge production or high co-precipitant requirement. 
Furthermore, as mentioned above that selenocyanate often noted with the other toxic co-
pollutants and hence synergistic effect may render the selenocyanate removal more 
challenging. For example, the presence of co-pollutants thiocyanate, ammonia, cyanide, 
and phenol with selenocyanate has been reported for specific fossil fuel based industries 
[5, 12, 16, 17] which will render selenocyanate removal even more challenging from 
respective mixed streams. These concerns therefore require either development of new 
technologies or a careful study of existing technologies for the removal of selenocyanate 





degradation (PCD) process which is an advanced oxidation/reduction treatment process 
for contaminated streams has been reported to successfully remove several aqueous phase 
pollutants [24-27]. A few TiO2 based studies (both adsorption and photocatalysis), do 
report removal of selenite and selenate from the aqueous phase under a varying set of 
conditions [1, 28-35]. In this regard role of several h
+
/hole scavengers including formic 
acid has also been explored to expedite the reduction of selenite species to elemental 
selenium and latter‟s enhanced removal from the respective wastewater streams [1, 28, 
31, 36]. Adsorption of selenium species is reported to be a prerequisite for such 
photocatalytic applications [28, 32, 37]. Furthermore, successful destruction of 
selenocyanate complex and removal of resulting selenite and selenate species from 
synthetic wastewater using the TiO2 assisted photocatalysis has also been reported [37]. 
Nevertheless, no study so far has explored the effect of co-pollutants selenite, selenate, 
thiocyanate, cyanide, ammonia, and phenol on to competitive destruction of 
selenocyanate along with simultaneous removal of respective co-pollutants using the 
TiO2 photocatalysis. Additionally, the use of adsorption process has also been widely 
reported for the removal of various aqueous phase pollutants [38-42], and various studies 
have also explored the adsorption of selenium species onto different materials including 
iron oxides [43], montmorillonites [44], chitosan–clay composites and iron oxides [2], 
aluminum oxide [45], etc. However, investigations on selenium species adsorption onto 
TiO2 are limited [1, 29-34, 46-49], with only few detailed selenium adsorption work onto 
TiO2 [30]. Furthermore, there is no work on competitive adsorption of selenite, selenate 





behaviour is important not only to realize the application of TiO2 based adsorption for 
selenium species removal but also understand its role in photocatalysis [50-53] as 
synergistic effects might also affect the adsorption of selenite, selenate and selenocyanate 
onto TiO2 in mixed binary or tertiary competitive adsorption systems. For example, 
adsorption of selenium species onto TiO2 is noted to be affected by the presence of other 
anionic species such as phosphate [54, 55], sulphate [54], chromate [56], molybdate [56], 
silicate [57], fluoride [57], citrate, oxalate, and carbonate/bicarbonate [58] due to 
competition for the limited TiO2 surface sites [48]. As TiO2 based adsorption is also a 
reliable treatment technology, studying the competitive adsorption behaviour of 
respective selenium species i.e., selenite, selenate and selenocyanate is important to better 
understand the respective adsorption trends under mixed conditions. Hence the present 
study's main objective is to investigate the efficiency of TiO2 based adsorption and 
photocatalytic degradation processes for the removal of selenocyanate complex along 
with simultaneous removal of selenite and selenate species. Furthermore, the effect of co-
pollutants cyanide, thiocyanate, ammonia, and phenol as mentioned earlier, onto 
selenocyanate removal from simulated mixed wastewater streams will also be 
investigated. We intend to determine the efficiency of PCD process for the treatment of 
said streams under a varying set of conditions and extend fundamental knowledge on 
subject for possible practical applications. Furthermore, use of hole scavenger EDTA 
during the PCD process for enhanced reduction initiated removal of selenite and selenate 
species (that will result from selenocyanate oxidation) will also be probed. Selective solar 





photocatalytic degradation (SPCD) process for the said application. The present work 
will use the diffuse layer model to model the adsorption of selenite, selenate, and 
selenocyanate onto TiO2 under a varying set of pH and process conditions. Furthermore, 
the Response Surface Methodology (RSM) and kinetic modelling will also be completed 
for selective PCD experiments. The findings from the present study will be of use to 
better treat respective wastewater streams under the optimum operational conditions. To 
the best of our knowledge, no once has reported the abovementioned areas and 
considering the Se-based pollution and toxicity concerns, these topics should be studied. 













2 LITERATURE REVIEW 
The present work proposes to investigate the competitive adsorption of Se-species 
selenite, selenate, and selenocyanate onto TiO2 surface along with adsorption modelling 
and respective findings will help to explain the TiO2 surface based phenomena that may 
take part in the removal of respective Se-species. In addition, the proposed work will also 
investigate use of TiO2 mediated photocatalysis or photocatalytic degradation (PCD) 
process for the competitive removal of selenocyanate species along with simultaneous 
removal of co-pollutants thiocyanate, ammonia, cyanide and phenol from simulated 
industrial wastewaters under a varying set of conditions. As a first step, a brief overview 
of the PCD and adsorption processes and review of specific selenium removal processes 
is given below. 
2.1 Photocatalytic Degradation Process  
 
The photocatalytic degradation (PCD) process has been widely studied to remove a 
variety of pollutants from the aqueous phase [24, 59, 60]. The process employs TiO2 as a 
photocatalyst and UV light as an energy source to remove the concerned pollutants [61-
67]. Also studies completed in the absence of TiO2 or UV light show no or negligible 
removal of the target pollutants [62, 68, 69]. Some background information related to the 





2.1.1 Catalyst TiO2 Surface Characteristics 
TiO2 is an amphoteric compound and hence its surface (Ti-) in contact with water is highly 
hydroxylated [70, 71]. Reactions 2.1 and 2.2 are typically used to represent the naked-TiO2 
surface in contact with the water molecules: 
Ti-OH2
+
 ↔  Ti-OH + H
+
             ‎2.1 




          ‎2.2 
For Degussa P25 TiO2, pK1 and pK2 values of 3.9 and 8.7 have been reported for reactions 2.1 
and 2.2, respectively [72]. Also, Turchi and Ollis (1990) report the OH
-
 concentration on the TiO2 
surface between 5-15/nm
2
 [26]. The pHzpc and other surface characteristics of TiO2 are summarized 
later in Table 4.1. 
 
2.1.2 OH. Radicals: Formation and Related Reactions 
The OH
. 
radicals are the dominant oxidizing species in the PCD processes and there is a 
considerable amount of experimental evidence to support this claim, e.g., the electron spinning 
resonance results as mentioned by [26]. Maruyama and Nishimoto (1991) have also reported a 
change in photoactivity of TiO2 particles (H2 production) due to a change in the surface density of 
OH
-
 ions [73]. The generation mechanism of OH
. 
radicals, is briefly explained here.  
TiO2 possesses a wide energy gap between its valence band (VB) and conduction band (CB) also 
known as band gap (BG). The BG extends from the top of the electron-filled VB to the bottom of 
the vacant CB. Upon exposure to a UV light source with energy hν equivalent to or higher than 
the bandgap energy (BGE) the VB electron (e
-
) is transferred to the CB. This creates a positive 
vacancy or hole (h
+





reported BGE of 3.0 eV for TiO2 [74]. When a TiO2 particle is exposed to a UV radiation source 








Figure ‎2.1 Electron excitation and related redox reactions. 
 








 species that is electron deficient reacts with an adsorbed hydroxyl molecule OH
-
 on the TiO2 








    Ti-OH
.




 radicals produced in equation 2.4 are dominant oxidizing species in the PCD process [25, 
26]. These OH
.
 radicals are very powerful and non-selective oxidants. For example, they typically 
mineralize the organic pollutants to end products such as CO2 and H2O: 
 









It should be noted that direct oxidation of organics by holes (equation 2.6) has also been reported  
[61, 75, 76]. In addition to organic pollutants, inorganic pollutants such as ammonia can also be 
removed using the PCD technique [77]. 
 




 CO2 + H2O        ‎2.6 
     
The excited e
-
 species from equation 2.3 can be donated to an acceptor such as O2 forming the 
superoxide radicals, O2
.




 + O2    O2
.





 + O2  H2O2                             ‎2.8 
 






  heat                                         ‎2.9 
 









 pairs available for the redox reactions. Thus, the presence of a suitable electron 
acceptor such as O2 which reduces the pair‟s recombination typically results in increased PCD 
efficiency. Similarly, an organic hole scavenger such as EDTA, would leave more e
-
 for the 
reduction based removal of pollutants such as heavy metals, etc, The e
-
 transfer process is more 
efficient if the receiving species is adsorbed on the surface. The respective position of 









 transfer efficiency. The redox potential of the electron acceptor should be more positive 
(i.e., below) than the photocatalyst‟s CB redox potential. On the other hand, the redox potential of 
the species donating electron to the VB hole should be more negative (i.e., above) than the 
photocatalyst‟s VB redox potential.  
2.1.3 Optimum TiO2 Amount 
Most PCD studies report optimum TiO2 amounts between 0.5 and 2 g/l [78-88].  An initial 





 pairs for reaction 2.1 to 2.5. However, decreased penetration of UV light into 
the TiO2 suspension at higher catalyst amounts and in turn reduced excitation of TiO2 particle is 
the main reason behind this maximum limiting value.  
2.1.4 pH Effect 
pH and its role in the PCD process is multi-dimensional. Compounds with pH dependent 
speciation such as phenols, organic acids and amines, show a degradation trend that significantly 
varies with the aqueous pH. This is mostly related to the varying adsorption of target pollutants 
on to the catalyst surface with pH, which in turn is related to the pH dependent speciation of 
target pollutant and also the surface speciation of catalyst TiO2 (equations 2.1 & 2.2). OH
.
 
radicals are considered to be dominant at neutral and high pH values [69, 89]. Decreased TiO2 
surface area because of particles agglomeration at acidic pH values would also cause reduced 
pollutant removal. Furthermore, the CB edge also show a negative shift of 59 mV/pH unit with an 






2.1.5 Light Intensity Effect 
Wei and Wan (1991) studied the PCD of phenol at several light intensities, between low-to-2.3 x 
10
-4
 Einstein/s values and noticed an increase in phenol removal with light intensity [69]. 
Peterson et al. (1991) report both a linear and square-root type relationships between the light 
intensity and the PCD rate; e.g., at higher light intensities the PCD rate was noted to be directly 
proportional to the Io
1/2
 (Io is the light intensity) [90]. Generally linear and then square root type 
relationship between an increasing-light-intensity and PCD rate are noted; this is followed by 
PCD rate independent of light intensity at even more high light intensities. (It would be useful to 
mention that the efficiency of the photocatalytic processes is often defined in terms of quantum 
yield, i.e., the number of specific conversions per photon absorbed.) 
2.2 Adsorption  
Adsorption is widely applied for the removal of various aqueous phase pollutants  [39-41, 
91]. Though activated carbon is the most widely applied adsorbent [38], studying the 
adsorption of pollutants onto TiO2 surface is significant since their effective photocatalytic 
removal from aqueous phase is highly dependent on their adsorption on to the TiO2 surface  
[50-53].  Various parameters can affect the adsorption of pollutants onto adsorbents. For 
example, temperature can influence adsorption by leading to creation of active sites [92], 
increasing the penetration of solutes into the adsorbent, or by affecting the solubility of the 
solutes. pH on the other hand can affect the surface chemistry of both the adsorbent and 
adsorbate and thus can greatly influence adsorption processes [93]. This is due to 





mentioned parameters, concentrations of adsorbent and the adsorbate also play significant 
role on the efficiency of adsorption process [94]. 
Surface complexation models are widely used for modelling adsorption data [95, 96]. 
These models are capable of simulating the adsorption of aqueous solution species as a 
function of pH, solute concentration, and ionic strength [97]. Unlike isotherm models, 
surface complexation models account for the effect of surface charge on the adsorption of 
solutes [98]. Therefore, surface complexation models utilize an equilibrium approach to 
describe adsorption phenomena on surfaces [99]. Unlike, isotherm models, SCMs define 
surface species, chemical reactions on the surface, equilibrium constants, surface activity 
coefficients, mass balance, and charge balance.   Some widely used surface complexation 
models are diffuse-layer model (DLM), constant capacitance model (CCM), and the triple 
layer model (TLM). The difference in these models is highlighted by their structural 
representation of electrical interfacial layer. Application of these models is simplified by 
the present of computer based programs like Visual MINTEQ that has several versions of 
adsorption and surface complexation models [100]. For example, Shi et al. (2009) applied 
constant capacitance model for modelling the adsorption of selenite on TiO2 (anatase) [30]. 
They were able to fit the experimental data to the above model under different pH and 
concentrations.  
As outlined earlier, surface complexation models differ in their structural representation of 
electric interfacial layer. The surface configuration of the adsorbed ions is what 





2.2 below shows a schematic representation of electrostatic potential for diffuse layer 
model. The 0-plane is where surface charges are located, while d-plane characterizes the 
position of centres of associated counterions and marks the onset of the diffuse layer. 
Counter ions are attracted to the charged mineral surface in the diffuse layer, but remain in 
the bulk fluid phase. There is also slipping plane otherwise known as the s-plane with 
electrokinetic zeta potential (ζ-potential). The uncharged region between the surface and 
the locus of hydrated counterions is called the stern layer whereas the charged layer beyond 
is called the diffuse layer [101, 102]. Though in diffuse-layer model, all surface complexes 
are inner-sphere and located in a single surface plane, adsorption of some ions have been 
successfully represented by an outer-sphere complex in DLM [103-105]. Diffuse layer 
model, like other surface complexation models account for the effect of electrostatic forces 
in describing surface reactions. This is for obtaining mass law constants that does not vary 
with surface charge. This is achieved by separating chemical and electrical contributions to 
the total free energy change as shown in equation 2.10. 
                                           ‎2.10 
where ΔGtotal is the total free energy of adsorption, ΔGintrinsic is the chemical contribution 
(or intrinsic part), whereas the ΔGcoulombic is the electrostatic contribution. Intrinsic 
equilibrium constants that do not depend on surface potential are obtained by 
multiplying apparent equilibrium constants with coulombic correction factor as in 
equation 2.11 
           
    







 = intrinsic rate constant 
 K
app
 = apparent rate constant 
  Z = change of equivalent charge taking place in the reaction 
 F = Faraday‟s constant = 96485.33289 C mol
−1
 
   = Surface potential (V) 















Figure ‎2.2: Schematic representation of electrostatic potential for diffuse layer model (Ψ0 is 

















2.3 Previous Studies  
2.3.1 Selenium Species Removal 
A brief literature review on the removal of aqueous phase selenium is provided here. 
Aman et al. (2011) report on simultaneous photo-reductive removal of copper (II) and 
selenium (IV) using Ti, Ti-Zr, and Ti-Si binary oxide photocatalysts and visible light 
under a varying set of conditions including single and mixed copper and selenium 
systems [1]. The prepared catalysts had high specific surface area and were mesoporous. 
TiZr-10 was noted to be thse best photocatalyst. Also pH 3 was noted to be the optimum 
and yielded highest photocatalytic selenite reduction in a mixed solution. Out of many 
hole scavengers tested, formic acid and ethylenediaminetetraacetic acid (EDTA) were 
best for the reduction of selenium oxyanions. The h
+ 
species produced in Equation 2.3 are 
consumed by the h
+





(Equation 2.9) and thus leaving more e
-
 species for reduction of selenite (analogous to 
Equation 2.7 and 2.8). Furthermore, for single pollutant system, formic acid yielded 
better results for Se(IV) reduction whereas EDTA was noted to be better for Cu(II) 
reduction. However for mixed systems, both formic acid and EDTA showed better metal 
reduction results and the copper selenide was noted to be deposited at the catalyst 
surface. Nguyen et al. (2005) noted that in the presence of formic acid as a hole 
scavenger both selenite and selenate were photo-reduced to Se(0) in illuminated TiO2 
suspensions [29]. Findings from the UV-Vis reflectance indicated that compared to pure 
TiO2 the Se/TiO2 sample had a red-shift; an additional absorbance peak at approx. 680 





the TiO2 particles either in a particulate or film form. It was proposed that the formation 
of Se(0) particles was due to a chemical reaction between Se(IV) and Se
2− 
whereas a 
direct reduction of Se(IV) by the conduction band electrons (TiO2) resulted in the 
formation of a Se(0) film. The Se
2−
 species was suggested to result either from 
photoreduction of Se(0) or because of reduction of Se(IV). Labaran and Vohra (2014) 
also recently reported on the removal of selenite and selenate species from synthetic 
wastewater using the TiO2 assisted photocatalytic degradation (PCD) process in presence 
of EDTA as a hole scavenger [28]. Authors noted better selenite and selenate removal via 
reduction route at acidic pH values. Shi et al. (2009) who investigated selenite sorption 
on TiO2 indicated that selenite sorption is a function of pH and its kinetics can be given 
as a pseudo-second-order model [30]. The authors also employed the constant 
capacitance model to predict selenite sorption on to TiO2. Tan et al. (2003a) also 
investigated the reduction of selenium oxyanions (selenite and selenate) to elemental 
selenium using TiO2 assisted photocatalysis [31]. The authors employed several hole 
scavenging agents including acetic acid, methanol, ethanol, salicylic acid, formic acid, 
and sucrose. Significant reduction of selenium oxyanions was possible using ethanol, 
formic acid, and methanol, with following order: formic acid > methanol > ethanol. This 
high capability of formic acid to reduce selenium oxyanions was explained based on its 
effective mineralization, formation reducing radicals, and adsorption of both the selenium 
species and formic acid onto TiO2. Insignificant adsorption of ethanol and methanol was 
explained based on competitive selenium species adsorption on to TiO2 surface, resulting 





efficiency. For the formic acid case the optimum pH for selenium oxyanions 
photoreduction was 3.5-4. For methanol and ethanol the optimum pH value was 2.2. Tan 
et al. (2003b) investigated the PCD initiated reduction of selenate using TiO2 and Ag-
loaded TiO2 and formic acid; selenate was successfully reduced to elemental selenium 
species employing the said photocatalysts and hole scavenger [34]. The formation of Se
2−
 
followed by H2Se formation was noted using pure TiO2 whereas using Ag-loaded TiO2 
photocatalyst H2Se and selenate reduction were noted to occur in parallel. Also pH 3.5 
was noted to be optimum for reduction of selenate using 0.5 % Ag loading. This high 





 recombination. In another study, Tan et al. (2003c) report that the 
adsorption of formate and selenate onto TiO2 surface is prerequisite for selenate reduction 
to elemental selenium which could further be reduced to H2Se (after selenate reduction to 
elemental form) [32]. The authors also report for optimum selenate reduction, a 3:1 
formate:selenate ratio (on to TiO2 surface). This ratio could be maintained by controlling 
factors such as concentration of respective species and the aqueous phase pH.  Also the 
noted 3:1 of formate:selenate ratio (on to TiO2 surface) strongly co-related with the 
stoichiometric ratio of 3 moles of formic acid to 1 mole of selenate for effective 
reduction. Tan et al. (2003d) described selenate reduction rates in presence of formic acid 
employing Langmuir-Hinshelwood competitive adsorption models for selenate and 
formate ions onto TiO2 surface [33]. The respective models allowed for the modelling of 
formic acid and selenate adsorption on to TiO2. Furthermore a 3:1 formate:selenate ratio 





(2009) also investigated sorption of selenium species on to TiO2 [35]. The maximum 
sorption was noted at pH 2-6. Also the sorption reached equilibrium within 5 min. The 
authors suggest that the adsorption could be described both by boundary layer diffusion 
and intra-particle diffusion. Furthermore the adsorption kinetics results showed a second 
order kinetic model and the Langmuir adsorption isotherm was useful in modelling the 
respective findings. De Souza et al. (2002) investigated phytoremediation technique using 
muskgrass and Indian mustard to remove selenocyanate from the aqueous phase. [11] 
The authors report that Indian mustard can successfully remove and phyto-extract 
selenocyanate from respective aqueous and soil phases. The Indian mustard removed 
approx. 30% w/v of initial selenium treated whereas selenium accumulated (µg/g-dry-
weight) values were 554 and 86 for roots and shoots, respectively. Furthermore Indian 
mustard exposed to selenate and selenite, showed a greater tolerance level for selenate 
species. However no overall and specific judgment was reported regarding differences in 
selenium tolerance (for the three respective selenium species, i.e., selenite, selenate, and 
selenocyanate) of Indian mustard. On the other hand, using muskgrass approx. 9% (w/v) 
of the initial selenium was removed whereas approx. 27 % w/w selenium transferred to 
muskgrass. Nevertheless both plant types (i.e., Indian mustard and muskgrass) destroyed 
the selenocyanate species given that this form of selenium was not noted in the respective 
system-samples. Furthermore muskgrass had selenium mostly in organic and inorganic 
(selenite form), whereas Indian mustard had selenium in the organic (volatile) 
dimethylselenide form. The authors report a rate limiting step of dimethylselenide 





(selenocyanate) was noted from dimethylselenide species. Lim and Joo (2007) who 
studied organic selenocyanate species conversion on to Au nano particles report its break 
down to cyanide and selenium species [106]. These species were reported to be bound to 
the Au surface. Manceau and Gallup (1997) report treatment of selenocyanate containing 
wastewaters using copper (II) salts and via precipitation [5]. The authors also investigated 
the form in which selenocyanate based selenium was eventually removed. It was noted 
that the selenium is bound with copper thiocyanate whereas native selenium species was 
disregarded as per both XANES (X-ray absorption near-edge structure) and EXAFS 
(extended X-ray absorption fine structure) spectroscopy findings. Selenium was shown 
by EXAFS to be present „as selenide and surrounded by one nearest C atom and three 
next-nearest Cu atoms‟. The respective findings from the treatment of selenocyanate 
containing wastewater streams indicate that the Cu(II) species are reduced by sulfites and 
thiosulfate and produces cuprous-thiocyanate/selenocyanate type species. Ye et al. (2003) 
investigated use of constructed wetlands for the treatment of a coal gasification plant 
wastewater containing boron, arsenic, and selenocyanate species [107]. The authors 
report that treatment of respective effluent streams caused a greater reduction in toxicity 
(as per standard toxicity tests) as compared to effluents that were not treated. Also the 
reported reductions for selenium, arsenic, boron, and cyanide were 64, 47, 31, and 30%, 
respectively. The local sediment within the constructed wetland contributed significantly 
towards the respective objective. However removal because of assimilation of said 
pollutants within plant tissues and also because of volatilization was noted to be minimal. 





Thalia, showed no negative impact on to their growth and thus were of high tolerance 
while removing the said pollutants. The findings from the respective work indicate that 
constructed wetland along with the plant type rabbitfoot, cattail, and Thalia can be 
successfully employed to treat wastewater containing cyanide, boron, arsenic, and 
selenocyanate species. Meng et al. (2002) studied reduction of aqueous phase 
selenocyanate using effluents from an oil refinery and also synthetic wastewater, 
employing Fe(0) elemental iron [16]. The oil refinery wastewater analysis indicated to 
have 5 ppm selenium-total (98% selenocyanate soluble), 40 mg/L sulfate, 10 mg/L 
thiocyanate, and 20 mg/L thiosulfate. The authors report successful removal of 
selenocyanate species from respective streams at an optimum pH value of 6. The 
reduction of selenocyanate was attributed to formation of elemental selenium and ferrous 
selenide, as determined using XPS (X-ray photoelectron spectroscopy) technique. The 
authors suggest a stepwise degradation of selenocyanate species via breakdown of 
selenium and its reduction to elemental selenium form followed by formation of selenide 
species. Furthermore, a recent study by Vohra (2015) has shown successful destruction of 
selenocyanate complex and removal of resulting selenite and selenate species from 
synthetic wastewater via reduction route using EDTA as hole scavenger [37]. 
2.3.2 Competitive Removal of Phenol 
Various studies have explored photocatalytic removal of phenol under varying set of conditions 
[108-111]. Peral et al. (1989) studied competitive removal of phenol-sulphide and phenol-cyanide 
systems using ZnO photocatalysis [112]. They observed a decrease in phenol photooxidation in the 
presence of S
2-
 ions with little effect on the degradation of S
2-





concentrations. However, they observed a very strong competition in the phenol-cyanide system. 
They ascribed such trends to the fact that sulphide is removed via reaction with photo-generated 
holes while phenol and cyanide are oxidized by reaction with both photo-generated holes and 
hydroxyl radicals. However, at low concentrations, phenol is preferentially oxidized using hydroxyl 
radicals. Minero et al. (2000) investigated the effect of various alcohols on photocatalytic 
degradation of phenol [76]. They found that phenol degradation is affected by the amount of 
aromatics present in the medium independently from their nature. Lin and Lin (2007) studied the 
effect of humic substances on 4-chlorophenol [113]. They observed retardation in photocatalytic 
degradation of phenol in the presence of humic acid and methylene blue as a result of TiO2 surface 
deactivation. Kashif and Ouyang (2009) investigated the effect of 4 anions on photocatalytic 









. They attributed the above mentioned effect on the ability of the 
anions to compete with phenol for photo-generated holes and hydroxyl radicals. This inhibitory 
effect was also observed by Selvam et al. (2007) when they investigated  photocatalytic degradation 











 [115]. In addition, they observed an increase in 






 due to their 
high reduction potentials. Tunesi and Anderson (1991) observed an insignificant adsorption of 
phenol onto TiO2 ceramic membranes and thus concluded that surface conditions do not appear to 
influence its degradation kinetics [116]. Therefore, they obtained similar degradation rates at all 
pH values. The poor adsorption of phenol onto TiO2 surface was also observed by Robert et al. 
(2000) and they lead to Ti-phenolate adsorbates [117]. Similarly, Bekkouche et al. (2004) also 
observed weak adsorption of phenol onto TiO2 surface [118]. Bekkouche et al. (2012) studied the 





Though they observed different mechanisms of adsorption between phenol and the cations, 
competitive adsorption still exists. About 30%, 45% and 60% reduction in phenol adsorption was 
observed respectively in the presence of zinc/iron, copper and cadmium. 
2.3.3 Modelling Selenium Species Adsorption Using Surface Complexation 
Models 
Sorption of selenite and selenate onto various adsorbent have been widely reported. However, few 
studies utilized surface complexation modelling techniques for modelling selenium species 
adsorption. Goldberg (1985) studied competitive adsorption of selenite, phosphate, and silicate onto 
goethite [120]. They observed a decrease in selenite adsorption with an increase in pH between pH 
3 and pH 11. Decrease in selenite adsorption was steady below pH 8, with rapid decrease exhibited 
with an increase in pH starting around pH 8 to 9. The adsorption results were also modelled using 
the Constant Capacitance Model via FITEQL. The model predicted selenite adsorption trends in 
single and binary selenite-phosphate binary systems. Though adsorption results were successfully 
modelled with great accuracy in selenite only systems, selenite adsorption in selenite-phosphate 
systems was only predicted qualitatively by the model. Discrepancies between experimental and 
modelled results increases with an increase in phosphate concentration. Inability of the model to 
predict selenite adsorption in competitive environment was attributed to the assumptions on which 
Constant Capacitance Model was based.   
In another study, Hayes et al. (1987) investigated the mechanism of selenite and selenate adsorption 
by using the effect of ionic strength and EXAFS data [121]. Selenite adsorption was relatively 
unaffected by changes in ionic strength suggesting the formation of an inner-sphere type complex 
between selenite and goethite. Selenate adsorption was however greatly affected by changes in ionic 





spectra of adsorbed selenite and selenate species to the spectra of their respective sodium salts in 
aqueous solutions. They did not observe any significant difference between the spectra of adsorbed 
selenate to that in aqueous solution, which is indicative of lack of scattered iron atoms within 
approximate 3.5 Å of the selenium atom. This signifies the formation of an outer-sphere complex 
between selenate and the surface, with water molecule situated between the adsorbate and the 
adsorbent. Comparison of selenite spectra in adsorbed form to that of aqueous sodium selenite salt 
shows significant difference. Iron atom was observed in the adsorbed spectra which signifies the 
formation of an inner-sphere type complex.  
Goldberg & Glaubig (1988) investigated the adsorption of selenite and selenate onto an Imperial 
soil series (fine, montmorillonitic [calcareous], hyperthermic Vertic Torrifluvent) [122]. They did 
not observe selenate adsorption for either 1.9 mmol/m
3
 or 19 mmol/m
3
 within the range of pH 
investigated (pH 2 – 12). They related this to the formation of weakly bonded outer sphere complex. 
For selenite, maximum sorption was observed at pH 3. Sorption of selenite onto the soil was 
modelled using constant capacitance model. The model was able to describe selenite sorption till 
pH 7, but unable to detect sorption plateau between pH 8 and 11. Model prediction improve when 
they model selenite sorption onto clay minerals. They also investigated the effect of arsenate 
sorption on selenite adsorption, and they did not observe any significant reduction in selenite 
adsorption below pH 9. However, above pH 9, reduction of selenite adsorption is more pronounced 
in the presence of arsenate. 
The significance of ionic strength in adsorption studies for the determination of the type of surface 
complex formed was also investigated by Hayes et al. (1988) [123]. They investigated the effect of 
changes in the concentration of background electrolyte on the adsorption of selenite and selenate 





between 0.005 M and 1 M has little effect on the adsorption of selenite onto the two adsorbents 
under investigation. On the other hand, they found substantial effect on selenate adsorption onto the 
two adsorbents when the background concentration was changed. By modelling the adsorption of 
selenite and selenite in differing ionic strength, they conclude that ions that are weakly bonded are 
best modelled using ion-pair surface complexes (outer-sphere complexes) while ions that are 
strongly bonded and are least affected by changes in ionic strength are best modelled using inner-
sphere complexes. Balistrieri and Chao (1990) investigated selenite and selenate adsorption onto 
amorphous iron oxyhydroxide (a neutral to alkaline surface) and manganese dioxide (acidic surface) 
[57]. The two surfaces were found to have preference for selenite adsorption in relation to selenate. 
The adsorption of selenite was higher on amorphous iron hydroxide compared to manganese 
dioxide with no selenate adsorption observed onto manganese dioxide. They found selenite 
adsorption to be increasing with a decrease in pH and increase in particle concentration. They 
suggested the formation of an outer-sphere and inner-sphere complexes for selenate and selenite 
respectively. Adsorption modelling using the Triple Layer Model (TLM) suggest that selenite forms 
bidentate inner-sphere complexes with amorphous iron oxyhydroxide and monodentate inner-
sphere complexes with manganese dioxide while selenate forms monodentate outer-sphere 
complexes with amorphous iron oxyhydroxide but does not adsorb on the highly acidic manganese 
dioxide. Model prediction in competitive environment is not very successful because the model did 
not account for surface site heterogeneity.  
Gosh et al (1994) utilized the Triple Layer Model (TLM) for modelling selenite and selenate 
adsorption onto hydrous alumina satisfactorily [124]. They noted selenate adsorption to be affected 
by the presence of SO4
2-
. Duc et al. (2003) also observed ionic strength effect on selenate adsorption 
but not on selenite [125]. They observed discrepancies between sorption site densities for selenite 





pK models. In another study, Duc et al. (2006) modelled selenite adsorption onto hematite using 2-
pK/Constant Capacitance Model [125]. They fitted adsorption data using both monodentate and 
bidentate surface complexes. Another study also utilized the constant capacitance model for selenite 
adsorption modelling. The model prediction was found to be qualitative on one soil type and semi-
quantitative on three soil types. Modelling selenite adsorption onto TiO2 using constant capacitance 
model has also been reported by Shi et al. (2009) [30]. Constant Capacitance Model was also 
reported to predict selenite and selenate adsorption onto soil samples from Sao Paulo State, Brazil 
successfully [126].  
Recently, the Diffuse Layer Model has also been utilized for modelling adsorption of selenium ions 
onto different surfaces. Jordan et al. (2009 a and b) investigated competitive adsorption of selenite 
and silicic acid onto magnetite and hematite respectively [127, 128]. The model predicted selenite 
adsorption onto the two surfaces both qualitatively and quantitatively. Kim et al. (2012) also 
investigated selenite and selenate adsorption onto magnetite [128]. They found selenite adsorption 
to be decreasing with an increase in pH and decreasing with an increase in carbonate and silicate 
ions. Selenate adsorption was found to be negligible. Diffuse layer model predicted selenite 
adsorption using an inner-sphere monodentate surface complex. Nsir et al. (2014) investigated 
selenite and selenate adsorption onto TiO2 [129]. A sorption model based on Sips isotherm was 
used to predict the sorption of selenium oxyanions.  Goldberg (2014) investigated the sorption of 
selenate adsorption on oxides, clay minerals and soils [130]. Selenate adsorption was predicted 
using Triple Layer Model (TLM) using either two outer-sphere complexes or one outer and one 
inner-sphere complexes [130]. Comparison of prediction results between DLM and TLM showed 







It is evidenced from the literature review that though selenite and selenate adsorption onto different 
surfaces has been modelled using DLM, TLM, and CCM, modelling of selenite onto TiO2 using 
diffuse layer model is only reported by Shi et al. (2009) [30]. The study modelled selenite 
adsorption onto TiO2 in a single system. No study has modelled either selenate or selenocyanate 
adsorption onto TiO2 using diffuse layer model. Likewise, neither competitive adsorption of 
selenite, selenate, and selenocyanate species onto TiO2 nor adsorption modelling for the same is 
reported to the best of our knowledge. Therefore, it is also true that utilization of diffuse layer 
model for modelling the adsorption of selenite, selenate, and selenocyanate in competitive 
environment is not explored.  
Furthermore, it is also evident from the above given literature review, no study so far has explored 
the effect of co-pollutants selenite, selenate, thiocyanate, ammonia, cyanide, and phenol (that are 
typically noted in respective wastewater streams) on to competitive destruction of selenocyanate 
along with simultaneous removal of respective co-pollutants using the TiO2 assisted PCD process. 
However, for practical applications the removal of selenocyanate and the co-pollutants from 
respective wastewater streams under COMPETITIVE environment must be understood. 
Furthermore, since adsorption plays an important role in photocatalytic degradation of various 
pollutants, understanding the competitive adsorption of selenocyanate (and its reaction 
intermediates: selenite and selenate) is inevitable for successful removal of the said pollutants using 
photocatalysis. Hence the present study's main objectives are 1) to study the competitive adsorption 
of selenite, selenate and selenocyanate onto TiO2 under varying mixed scenarios and 2) to 





competitive destruction of selenocyanate complex along with simultaneous removal of co-
pollutants ammonia, cyanide, thiocyanate, and phenol from simulated mixed wastewater streams.  
We intend to determine the efficiency of PCD process for treatment of said streams under a varying 
set of conditions and extend fundamental knowledge on subject for possible practical applications. 
We ntend to investigate use of artificial UV lamp for the treatment of said streams, and also run 
some selective solar radiation energized experiments for respective photocatalysis work. 
Furthermore, use of hole scavenger EDTA during the PCD process for enhanced reduction initiated 
removal of selenite and selenate species (that will result from selenocyanate oxidation) will also be 
probed. The findings from the present study will be of use to better treat wastewater streams 
containing selenocyanate and respective co-pollutants under a competitive environment along with 
knowing the optimum operational conditions for the said respective applications. 
The specific objectives include:  






 onto TiO2 
surface under varying pH and stoichiometric scenarios. 
2- To model the adsorption results obtained under objective 1 employing the 
diffuse layer model accounting for solid and aqueous speciations and 
electrostatic forces. 
3- To investigate competitive photocatalytic removal of aqueous phase 
selenocyanate in the presence of inorganic co-pollutants cyanide, thiocyanate, 
and ammonia present in varying mixed state using UV lamp assisted PCD 
process. The simultaneous removal of respective co-pollutants and formation of 





4- To investigate the competitive removal of aqueous phase selenocyanate in the 
presence of phenol present in varying mixed states using UV lamp assisted 
PCD process. The simultaneous removal of phenol and formation of selective 
intermediates will also be monitored. 
5- To conduct selective experiments as per objectives 3 and 4 using SOLAR light 
assisted PCD process. 
6- To optimize and probe the mechanistic details of competitive photocatalytic 















4 RESEARCH METHODOLOGY 
4.1 Materials  
 
All chemicals used were of high purity reagent grade quality. The main chemicals 
included sodium selenite (ALDRICH, U.S.A.), potassium selenate (ALDRICH, U.S.A.), 
potassium selenocyanate (ALDRICH, U.S.A.), sodium carbonate (BDH, U.K.), sodium 
bicarbonate (BDH, U.K.), ammonia, cyanide, cyanate, nitrite, nitrate, phenol, 
hydroquinone, resorcinol, pyrocatechol, benzeneseleninic acid, glacial acetic acid, 
methanol, and pH calibration standards (FISHER, U.S.A.).  The DEGUSSA P25 titanium 
dioxide/TiO2 (DEGUSSA, GERMANY) was used for all adsorption studies. The 
respective TiO2 was used as is, without any purification or modification. Table 4.1 
provides several physico-chemical properties of Degussa P25 TiO2. The pH adjustments 
were made using either HCl (SURECHEM, UK) or NaOH (J.T. BAKER, U.S.A) 
solutions. All glassware used were Pyrex based that were appropriately cleaned, washed, 
and dried before each use. All sample collection, storage, and processing accessories 







Table ‎4.1: TiO2 surface properties 
Property Value 
Specific surface area (m
2
/g) 55  
Surface site density (mmol/g) 0.274  
Solid concentration (g/L) 1  
pHzpc 6.5 
Crystal phase ratio 80% Anatase, 20% Rutile 
 
4.2 Adsorption experiments  







were prepared using above mentioned reagent grade chemicals and high purity de-ionized 
water (CORNING Mega Pure™ System), and stored in Pyrex bottles under dark 
conditions. For the adsorption experiments, the respective selenium-species solutions 
were prepared using the above-mentioned stock solutions and de-ionized water. A blank 
sample was first collected after which 1 g/L TiO2 was added with appropriate mixing to 
ensure its complete dispersion. This suspension was then transferred to a set of Pyrex 
glass bottles.  Each experiment was conducted in a set of nine bottles by adjusting the pH 
of the suspensions between 2 and 11 using HCl and/or NaOH solutions. The test 
solutions were vigorously mixed for about 24 hours and the final suspension pH was 
measured before sample collection and filtration using 0.2-μm membrane filters 
(WHATMAN, Germany). The syringe and filter holders were also appropriately washed 
and dried before each use. The collected samples were then duly stored before being 





4.3 Photocatalysis Experimental Details: Using UV Lamp  
The UV lamp based PCD experiments were conducted using a batch type (Pyrex glass) 
reactor with 1000 mL capacity. Fig. 4.1 provides the reactor details. For each experiment, 
1.1 L of synthetic mixed wastewater were prepared using high purity water (CORNING 
Mega Pure
TM
 System) and stock solutions of selenocyanate and co-pollutants (as per 
Table 4.2). 100 mL of the synthetic wastewater was stored as blank to serve as a 
reference during analysis. For the initial PCD experiments 1 g TiO2 was then suspended 
in the remaining 1 L of synthetic selenocyanate wastewater using a magnetic stirrer setup, 
after which the initial suspension pH was measured and adjusted to the desired value 
using HCl or NaOH. The system is then allowed to equilibrate for 20 minutes and another 
sample was collected to account for any initial substrate adsorption on to TiO2 at the 
given initial pH. The synthetic wastewater batch with TiO2 was then transferred to the 
PCD reactor and again subjected to continuous stirring using a magnetic stirrer setup 
(Fig. 4.1). A 15 W near UV light lamp with peak maximum at ~352 nm was then 
positioned at the centre of the reactor while being separated from the synthetic 
wastewater batch using a glass sleeve (Fig. 4.1). The UV lamp was turned on and 
samples were collected at pre-designed. All samples collected were filtered through 0.2-
μm membrane filters (WHATMAN, Germany). The syringe and filter holders were also 
appropriately washed and dried before each use. The collected samples were then stored 
in dark under 4
0
C. For experiments involving hole scavenger, appropriate amount of 





Table 4.1  Pollutants for adsorption and photocatalysis studies.  
Adsorption experiments Photocatalysis experiments 
Species Concentration (mg/L) Species Concentration (mg/L) 
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Figure ‎4.3 Solar photocatalysis reactor and support hardware [1 - Glass Reactor; 2 - Effluent 
Header; 3 - Pump; 4 - Solar Intensity Meter; 5 - Influent Header; 6 - Storage Tank].  
 
4.4 Photocatalysis Experimental Details: Using Solar Energy  
The solar photocatalytic experiments were conducted using a re-circulating one-sun plug 
flow type reactor. The details of the reactor are reported in Figures 4.2 and 4.3. Batches 
of test solutions were prepared using high purity water (CORNING Mega Pure
TM
 
System) and stock solutions of respective chemicals. Initially a 2 L test solution was 





before the addition of photocatalyst. After this TiO2 photocatalyst was added to 
remaining test solution at 0.25 g/L, and initial pH was adjusted to the desired value using 
HCl or NaOH solutions. The respective system was mixed using a magnetic stirrer set up 
and was allowed to equilibrate for 20 min after which a sample was taken. Such a blank 
accounted for any initial substrate loss because of reasons other than the SPCD initiated 
reactions. The synthetic wastewater sample containing both the target pollutant and the 
TiO2 was then transferred to the experimental site and another blank was also taken 
before the wastewater was introduced into the solar reactor via the influent header (using 
pump setup) from where it flows through the solar reactor (Figure 4.2). The third blank is 
to account for substrate loss while transferring the wastewater from lab to the site. To 
assure mixing, the wastewater storage tank incorporated a magnetic stirrer setup as well. 
As the wastewater and TiO2 flow through the reactor, the aqueous pollutants were 
exposed to the solar radiation, initiating the degradation of target pollutant. The effluent 
was returned back to batch tank from where it was again re-circulated to the reactor for 
further treatment. During the course of solar experiments, several samples were collected 
at appropriate time intervals, to assess the degree of pollutant species removal. 
4.5 Analytical Methods  



















 using an advanced ion chromatograph set-up (Metrohm, 
Switzerland) equipped with conductivity and amperometric detectors. The eluent 
composition for anions analysis was 2.7 mM Na2CO3/3.0 mM NaHCO3 and column used 





Cations were separated using an eluent composition 5.4 mM nitric acid through Metrosep 
C3-250/4.0 column (6.1010.430, 150 mm x 4.0 mm). I some cases, selenocyanate, 
cyanide and cyanate were analysed using an amperometic detector after been separated in 
an anion Dual 2 IC column (6.1006.100, 4.6 mm x 75 mm, Metrohm, Switzerland) using 
100 mM NaOH eluent. Total selenium was analyzed using an atomic absorption 
spectrophotometer setup (Perkin Elmer, U.S.A) that was equipped with both flame and 
furnace units. A standard ICP setup (Thermo, U.S.A) was also utilized for total selenium 
analysis. Phenol, EDTA and their degradation intermediates were analysed using 
advanced High Performance Liquid Chromatograph, HPLC (Shimadzu, Japan) equipped 
with a pump and auto sampler setup. 0.7% acetic acid/methanol (60/40) was used as the 
mobile phase at a flow rate of 1 mL/min while Restek Ultra C18 column was used for 
separation. All analytes of interest were detected at a wavelength of ⁓254 nm. The 
solution pH were analyzed using a standard pH electrode-meter setup (AccuTupH
+
 13-
620-185 electrode, Accumet XL15 pH meter, Singapore). Also, all analytical instruments 
were regularly calibrated. 
Each collected sample will first be filtered through a 0.2 μm 25 mm Ø cellulose nitrate 
membrane filter (WHATMAN, Germany) and then analyzed for the target pollutants. 
The concentration of most ionic species including selenocyanate, co-pollutants 
thiocyanate, and ammonia, and reaction intermediates cyanate, nitrite, nitrate, sselenite, 
and selenate, will be analyzed using a state of the art Ion Chromatograph system 
(METROHM, Switzerland). The IC system is equipped with high sensitivity conductivity 





Switzerland) will be used for respective analysis.The IC system will be regularly 
calibrated using appropriate calibration standards prepared using the respective reagent 
grade chemicals. Ammonia which is also an expected reaction intermediate will be 
analyzed using an ion specific electrode and a meter setup with mV readings option 
(Orion, USA). Each respective sample will be transferred into a beaker to which an 
appropriate amount of 10 M NaOH will be added (in order to increase the pH). The 
solution will be stirred using a magnetic stirrer, with the ammonia electrode dipped into 
it. The meter reading (in mV) will be noted after the meter shows a stable-mV value. 
Cyanide species, will be analyzed using an ion specific electrode and meter setup (Orion, 
USA) and the rest procedure will be same as reported above for ammonia analysis. The 
ammonia and cyanide testing setup will be regularly calibrated. The pH analyses will be 
completed using a pH meter setup (ORION, U.S.A.) that will be regularly calibrated 
using respective calibration standards. EDTA concentration will be quantified in terms of 
total organic carbon (TOC). A total organic carbon/TOC setup (SHIMADZU, JAPAN) 
will be used for TOC analyses, to assess the degree of EDTA and phenol mineralization. 
Total selenium analysis will be completed using ICP and AAS setup. A UV-light detector 
setup (and its accessories) will be used to quantify the incoming solar radiation intensity 
(Newport, U.S.A.). Some other common lab accessories will include high purity gases, 
Pyrex glass ware, physical balance, pumps, Teflon pipes, pH meter, etc.  
4.6 Adsorption Modelling Approach  
Visual MINTEQ version 3.1 was employed for all surface complexation modelling 





modelling of many aqueous phase species of interest. The TiO2 surface complexation 
reactions employed for modelling are shown in Table 4.2. The current version of Visual 
MINTEQ does not have selenocyanate (SeCN
-
) in its database. However, the Visual 
MINTEQ allows for specific changes to its database and thus SeCN
-
 and HSeCN were 
added to the database as a component and species, respectively (Table 4.3). Also some 
other aqueous speciation reactions from MINTEQA2 database are also presented in Table 
3. Also Figs. 4.4 to 4.6 provide the speciation diagrams (completed using MINTEQ) for 
TiO2, selenite, and selenate species; these will be recalled later to elucidate some of the 
experimental findings. 
Table ‎4.2: TiO2 surface complexation reactions 
S/No. Reaction Log    
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Table ‎4.3: Important aqueous speciation reactions employed for adsorption modelling 











































































































































5 COMPETITIVE ADSORPTION OF SELENITE, 
SELENATE, AND SELENOCYANATE SPECIES 
ONTO TiO2 
5.1 Binary Systems 
We first studied the adsorption of respective selenium species onto TiO2 at varying pH 
and binary solution matrices. The respective experimental and modelling results are 
discussed in this section. Figures 5.1 to 5.4 provide adsorption results for the binary 
selenite/selenate systems. Figure 5.1 shows the effect of selenate onto adsorption of 
selenite. In the absence of selenate, about 89% selenite adsorption transpires at pH 2, 
which first gradually decreases to 65% till pH 4 and then onwards sharply to 31% till pH 
7. The TiO2 surface speciation (Figure 4.4) shows that Ti-OH2
+
 is the dominant surface 
species below pH 3.9 and thus interaction between the cationic TiO2 surface and anionic 
selenite species yields higher selenite adsorption between pH 2 and 4 (Figure 5.1). 
However, with an increase in pH to 4, the Ti-OH2
+
 surface species reduces to 50% and 
then to a very low value at pH 7 (Figure 4.4). The selenite adsorption (Figure 5.1) also 
shows a similar decreasing trend. Shi et al. [30] also report decreasing selenite adsorption 
onto TiO2 with an increase in pH. Now adding 5 ppm selenate to the respective single 





similar is noted  for 10 ppm selenate  (Figure 5.1). This fact was supported by results 
from additional adsorption studies completed at 5 ppm selenite (Figure 5.2) that also 
show that an increase in selenate from 5 to 10 ppm has no significant effect onto selenite 
adsorption. This indicates that relative affinity of  TiO2 is higher for selenite compared to 
selenate species. This might result because of differences in the type of surface 
complexes that selenite and selenate species form with the TiO2 surface sites. Balistrieri 
and Chao [57] who studied the adsorption of selenium species onto amorphous iron 
oxyhydroxide and manganese dioxide also observed higher surface affinity for selenite 
relative to selenate. Hence the displacement of surface bound selenite by the aqueous 
selenate species will be difficult. Vohra (2015) who studied TiO2 assisted photocatalysis 
of selenocyanate species also noted albeit slower selenate buildup from oxidation of 
surface bound selenite species; the resulting selenate species then diffused into bulk 
aqueous phase as a result of solid-solution equilibrium and also because of comparatively 
lower selenate affinity for the TiO2 surface [37]. Tan et al. [31] and Nguyen et al. [29, 
47], who report brief selenite/selenate adsorption onto TiO2 also report somewhat higher 
selenite adsorption onto TiO2 compared to selenate species. The authors suggest that 
different surface complexation mechansims because of different selenite/selenate 
molecular structures could explain the respective differences in the adsorption trends. 
Also comparing the results from Figure 5.1 and Figure 5.2, we note a higher percent-
based selenite adsorption for the 5 ppm selenite systems as compared to the 10 ppm 
selenite systems (Figures 5.2 and 5.1, respectively). For example approx. 96%, 94%, and 





pH 2, 4, and 7 respectively (Fig. 5.2), whereas for the 10 ppm selenite/5 ppm selenate, 
selenite adsorption is 76%, 74%, and 34%, at pH 2, 4, and 7, respectively (Fig. 5.1). 
However it should be noted that on mass basis the adsorption values are still higher for 
the 10 ppm selenite system that transpires because of corresponding higher mass transfer 
driving force across the bulk aqueous and bulk solid phase.  
We further employed the diffused layer model (DLM) for surface complexation 
modelling of above mentioned experimental findings. In that regard, several surface-
binding possibilities (for selenite and selenate) were considered and eventually those 
surface complexes that yielded the best match for most (if not all) experimental 
adsorption matrices including the tertiary systems (as discussed later) were adopted for 
the modelling purpose. Table 4.2 provides the respective surface complexation details 
whereas Table 4.3 provides some of aqueous speciation reactions. For the 10-ppm 
selenite systems we typically note a good correlation between the experimental results 
and model estimates (Figure 5.1) except at pH 2 and 3 where the model overestimates 
selenite adsorption. A similar trend is observed for the 5 ppm selenite systems (Fig. 5.2), 
albeit with good correlation at all pH values. In general the model delivers better 
adsorption estimates under a varying set of conditions including pH and selenite/selenate 
concentrations. Modelling output details shows that for selenite, consideration of Ti-
SeO3
-
 surface complex provides a good model fit, whereas in case of selenate (discussed 
in detail in the coming section) the Ti-H2O-SeO4
-
 was noted to provide better fits. 





of an inner sphere complexe with different surfaces including geo thite [123], and TiO2  
[30]. The evidence for such a complexation comes from sources such as no significant 
effect of ionic strength on adsorption [123, 132, 133], and use of advanced analytical 
techniques including XAS and XPS  [133-135]. Hayes and Leckie [123] employing 
EXAFS findings indicate formation of an inner sphere complex between selenite and 
goethite surface, whereas for selenate they report an outer sphere complex formation; the 
respective analysis for selenite indicated Se-Fe distance of 3.38 Å. Papelis et al. [133, 
136] report similar observations for selenite adsorption onto aluminum oxide surfaces; 
Papelis et al [133] report Se-Al distance of 3.5 Å that is supportive of an inner sphere 
complex. Also Gurkan et al. [137] who investigated selenite-doped TiO2 synthesis noted 
increased Ti- and O- species binding energies (based on XPS data) attributed to Ti-O-Se 
bond formation; the Se species in the bond was noted to be selenite as well. We also 
completed XPS analysis for TiO2 samples after the adsorption of respective selenium 
anions and the results are shown in Figure 5.5 that shows that for selenite and selenate 
adsorbed TiO2 samples, O 1s and Ti 2p3/2 binding energies are about 530 eV and  458.5 
eV respectively. This shows that TiO2 exist in +4 state as Ti
4+
 respective samples. By 
fixing the main C 1s binding energy at 248.8 eV, Se 3p3/2 binding energies for selenite 
and selenate containing samples are found to be 165.6 and 166.2 respectively. The 
relative difference in the energy level between the TiO2 samples containing selenite and 
selenate was found to be 0.6 eV. Sartz et al. [138] who investigated selenium species 
XPS spectra obtained Se 3p3/2 binding energies of 164.6, 164.1 and 159.1 eV for 





and +4 of about 0.5 eV. The similarity (between the present study and above mentioned 
study) regarding the relative difference in the binding energies for selenite and selenate 
indicates that selenite and selenate are adsorbed on the TiO2 surface reaching a 
thermodynamically stable state [139]. Furthermore the selenate adsorption results from 
above discussed systems are also summarized here. Figure 5.3 shows the adsorption 
findings for 10 ppm selenate in the presence of 0 to 10 ppm selenite. For the 10 ppm 
selenate system without selenite (Figure 5.3), about 71, 52, 34, and 9% selenate 
adsorption transpires at equilibrium pH of 2, 3, 4 and 5, respectively.  A sharp decrease in 
selenate adsorption is observed with an increase in pH from 2 to 5, with insigniciant 
adsorptrion observed above pH 5. Selenate speciation (Figure 4.6) shows that near pH 
1.7, about 50% of selenate is in the form of HSeO4
-
, which reduces to  negligible amount 
at pH 4 and above. Likewise, TiO2 speciation (Figure 4.4) also shows declining cationic 
TiOH2
+
 species above pH 4. Therefore, since both anionic HSeO4
-
 and cationic TiOH2
+
 
species decrease with an increase in pH, the electrostatic attraction between the two 
species also decrease with an increase in pH thus resulting into reduced selenate 
adsorption. Addition of 5 ppm selenite to 10 ppm selenate system (Fig. 5.3) results into 
decreased selenate adsorption, i.e., 45, 25, 18, and 0% at pH 2, 3, 4 and 5, respectively. 
Furthermore at 10 ppm selenite, selenate adsorption decreases further (Fig. 5.3). For 
example the respective selenate adsorption values at pH 2 are as follows: 71% at 0 ppm 
selenite, 45% at 5 ppm selenite, and 29% at 10 ppm selenite. Results from 5 ppm selenate 
(Fig. 5.4) show similar trends, i.e., an increase in selenite from 5 to 10 ppm also 





at pH 2, 3, 4, and 5, respectively. Tan et al. [31] also observed a decrease in selenate 
adsorption when formate was introduced to the system. In any case these findings 
indicate the differences in selenite and selenate interactions with the metal oxide surfaces. 
Also the selenate adsorption results (Figures 5.3 and 5.4) show lower removals compared 
to respective selenite adsorption results (Figures 5.1 and 5.2). These findings also 
indicate preferential selenite adsorption on to TiO2 surface. Comparing results in Figure 
5.3 and Figure 5.4, we also observe decrease in percent selenate adsorption when its 
initial concentration is increased from 5 to 10 ppm. Nevertheless selenate removal on 
mass basis is still higher for 10 ppm selenate (Fig. 5.3). Figure 5.3 also shows that the 
diffused layer model reasonably predicts selenate adsorption whereas trends in Figure 5.4 
show some underestimations. Also both the experimental and modelling results show 
adsorption traspiring between a narrow pH range of 2 to 5 (Figs. 5.3-5.4).  
To build on above given selenite/selenate adsorption results, we further studied 
adsorption of selenite/selenocyanate binary systems (Figs. 5.6-5.9). However, unlike the 
above mentioned selenite/selenate systems, we noticed a pinkish precipitate formation 
during selenocyanate adsorption work. To ascertain the source of the precipitation, we 
ran two blank selenocyanate experiments without TiO2 and the results are presented in 
Figure 4.  About 99%, 66%, 17% and 15% selenium precipitation was observed for 10 
ppm selenocyanate at pH 2, 3, 4 and 5 respectively whereas 77% and 24% selenium 





The precipitation resulted from the breakdown of selenocyanate complex according to 
equation 1 as suggested by Hamada et al [140]: 
     
    
                                
                         ‎5.1  
 
Hence the precipitation results in Figure 5.10 were duly deducted from the respective 
overall selenocyanate removal before modelling the adsorption of selenocyanate using 
Ti-H2O-SeCN type surface complex. Similar to selenite/selenate systems (Figs. 5.1-5.2) 
selenocyanate also shows no significant effect onto selenite adsorption (Figs. 5.6-5.7) that 
can be explained based on aforementioned discussion on an inner-sphere type selenite 
complexation. However unlike the suppresive effect of selenite onto selenate removal 
(Figs. 5.3-5.4) we do not observe any notable effect of selenite onto selenocyanate 
removal and the respective selenocyanate removal trend lines are somewhat more gradual 
in their drop from acidic to basic pH range (Figs. 5.8-5.9) as compared to selenate (in 
selenite/selenate systems) that showed a sharp adsorption edge traspiring between a 
narrow pH range of 2 till 5 (Figs. 5.3-5.4). Also, the respective selenocyanate removal 
results above pH 4 are higher in comparison to selenate removal. Hence the 
selenocyanate removal findings from selenite/selenocyanate binary systems (Figs. 5.8-
5.9) are somewhat different from selenate removal from selenite/selenate binary systems 
(Figs. 5.3-5.4). In general for the binary selenite/selenocyanate systems we can achieve 
high selenite removals with insignificant selenocyanate effect. The respective 
selenocyanate modelling results as provided in Fig. 5.6 to 5.9 also show a good match 





Nevertheless if selenocyanate also forms an outer sphere type complex then question 
arises why its removal is not affected by selenite (Figs. 5.8-5.9) unlike the selenate 
species removal (Figs. 5.3-5.4). This query lead us to conduct another set of experimets 
for selenate and selenocyanate mixed systems. Results for binary selenate/selenocyanate 
adsorption results are provided in Figs. 5.11 to 5.14. We observe no effect of 
selenocyanate onto selenate removal (Figs. 5.11-5.12) that is qualitatively similar to 
selenite trends in selenite/selenocyanate systems (Figs. 5.6-5.7). Also similar to 
selenite/selenocyanate results (Figs. 5.8-5.9), no notable selenate effect is observed on 
selenocyanate removal (Figs. 5.13-5.14). In any case the above results indicate adsorption 
trends that are important to understand any respective treatment applications. We further 
extended the work for tertiary systems and the respective results are given below. 
 
 
Figure ‎5.1: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
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Figure ‎5.2: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
selenate (1 g/L TiO2, 5 ppm selenite). 
 
Figure ‎5.3: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 
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Figure ‎5.4: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 
selenite (1 g/L TiO2, 5 ppm selenate) 
 
Figure ‎5.5: X-ray photoelectron spectroscopy (XPS) spectra of TiO2 samples for the adsorption of 
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Figure ‎5.6: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 




Figure ‎5.7: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 





























0 ppm Selenocyanate 
0 ppm Selenocyante (Modelled) 
5 ppm Selenocyanate 
5 ppm Selenocyanate (Modelled) 
10 ppm Selenocyanate 





























5 ppm Selenocyanate 
5 ppm Selenocyanate (Modelled) 
10 ppm Selenocyanate 






Figure ‎5.8: Experimental and modelling results for selenocyanate adsorption onto TiO2 in 




Figure ‎5.9: Experimental and modelling results for selenocyanate adsorption onto TiO2 in 
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Figure ‎5.11: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 
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Figure ‎5.12: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 
selenocyanate (1 g/L TiO2, 5 ppm selenate). 
 
 
Figure ‎5.13: Experimental and modelling results for selenocyanate adsorption onto TiO2 in 
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Figure ‎5.14: Experimental and modelling results for selenocyanate adsorption onto TiO2 in 
presence of selenate (1 g/L TiO2, 5 ppm selenocyanate). 
 
5.2 Tertiary Systems 
After completing the above mentioned binary-systems adsorption studies, the present 
work was extended to investigate selenite, selenate and selenocyante adsorption trends 
under several tertiary system conditions. In that regard, we studied the adsorption of 
respective selenium species onto TiO2 at varying pH values and tertiary solution 
matrices. The respective experimental and modelling results are given below. 
The results for the effect of selenate onto 10 ppm selenite adsorption in the presence of 5 
ppm selenocyanate are shown in Figure 5.15. In the absence of selenate, about 82%, 
71%, 33% and 0% adsorption values (Figure 5.15) were observed at pH 2, 4, 7 and 11, 
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no significant change in selenite removal. Also an increase in selenate concentration from 
5 ppm to 10 ppm shows a similar trend. We further investigated the effect of selenate 
concentration on the adsorption of 5 ppm selenite in tertiary system containing 5 ppm 
selenocyanate (Figure 5.16), that also shows no significant change. Furthermore, the 
findings in Fig. 5.17 for 10 ppm selenite and 10 ppm selenocyanate though show that an 
increase in selenate concentration (from 0 to 10 ppm) leads to some decrease in selenite 
adsorption specifically at low pH values (e.g., at pH 2, 86%, 69%, and 64% selenite 
adsorption was achieved for the 0 ppm, 5 ppm, and 10 ppm selenate systems 
respectively), the results above pH 4 show no selenate effect onto selenite removal 
(Figure 5.17). Also similar to the single and binary systems, a gradual decrease in selenite 
adsorption for pH 2 to 4, is followed by sharp change between pH 4 and 7. Furthermore, 
Figures 5.15-5.18 show that a good correlation exists between the model predicted values 
and experimental results, except for the tertiary systems in Figure 5.17 (5 ppm 
selenate/10 ppm selenite/10 ppm selenocyanate and 10 ppm selenate/10 ppm selenite/10 
ppm selenocyanate) where the model overestimates the adsorption at low pH values. In 
general we note no significant selenate effect onto selenite removal in presence of 
selenocyanate that is similar to selenite/selenate binary system findings (Fig. 5.1-5.2). As 
also mentioned for the binary systems higher percent selenite adsorption was also 
observed for tertiary system with 5 ppm selenite concentration (Figures 5.16 and 5.18) as 
compared to 10 ppm selenite concentration (Figures 5.15 and 5.17), nevertheless 
adsorption on mass basis is still higher for 10 ppm selenite systems possibly due to higher 





phase. Now regarding the effect of selenocyanate on the adsorption of selenite from 
above discussed tertiary systems we note some decrease in selenite adsorption especially 
at acidic pH and 10 ppm selenocyanate (Figs. 5.19-5.22). Nevertheless such differences 
tend to dilute at pH above 4 and trends look to be similar to respective binary system 
results (Figs. 5.6-5.7). Now looking into the effect of selenite species onto selenate 
adsorption as summarized in Figure 5.23-5.26, we note for 10 ppm selenate/5 ppm 
selenocyanate about 68, 44, 38, and 16% selenate adsorption at pH 2, 3, 4 and 5 
respectively. As also noted for the earlier mentioned binary selenate/selenite systems 
(Fig. 5.3 and 5.4), addition of selenite to the selenate/selnocyanate system results into 
decreased selenate adsorption (Fig. 5.23). The effect of selenite onto 5 ppm selenate 
removal (in the presence of 5 ppm selenocyanate) as given in Fig. 5.24 indicates 
decreased selenate adsorption of 24%, 43%, and 9% at pH 2, 3 and 5 respectively, 
compared to 91%, 88%, and 9% selenate adsorption at pH 2, 3 and 5 respectively in the 
absence of selenite. A further increase in selenite concentration from 5 ppm to 10 ppm 
(Figure 5.24) results in a further decrease in selenate adsorption onto TiO2. Similar effect 
was observed for the increase in selenite concentration from 0 to 10 ppm in the presence 
of 10 ppm selenocyante on the adsorption of 10 ppm selenate (Figure 5.25) and 5 ppm 
selenate (Figure 5.26). The adsorption trends in Figures 8a-d are similar to the binary 
systems discussed in Figures 5.3 and 5.4 i.e., an increase in both selenite and selenate 
concentrations causes  a decrease in selenate‟s overall removal. Also except for the 5 
ppm selenite/10 ppm selenate/5 ppm selenocyanate system the model underestimates 





onto selenate adsorption for the tertiary systems mentioned in Figs. 5.23-5.26. For the 10 
ppm selenate and 5 ppm selenite system we noted no significant effect, i.e., at pH 2, 45%, 
44% and 47% selenate adsorption was noted for 0, 5 and 10 ppm selenocyanate 
concentrations respectively and a qualitatively similar trend was noted for 5 ppm 
selenate. Also the effect of selenocyanate on to selenate adsorption in the presence of 10 
ppm selenite showed no significant differences though the overall selenate adsorption 
was low. These adsorption trends were qualitatively similar to the binary systems 
discussed in Figures 5.11 and 5.12 that strenghtens our earlier comment that selenate 
adsorption is not affected by the presence of selenocyanate. This trend was further 
supported by the outcomes from the combined effect of selenite/selenate species onto 
selenocyanate removal that also showed no specific trend. In summary the results and 
observations presented in this work are very important and aforementioned specific 
adsorption trends should be carefully considered for an effective treatment of respective 







Figure ‎5.15: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
selenate and selenocyanate (1 g/L TiO2, 10 ppm selenite, 5 ppm selenocyanate). 
 
 
Figure ‎5.16: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
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Figure ‎5.17: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
selenate and selenocyanate (1 g/L TiO2, 10 ppm selenite, 10 ppm selenocyanate). 
 
 
Figure ‎5.18: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 






























0 ppm Selenate 
0 ppm Selenate (Modelled) 
5 ppm Selenate 
5 ppm Selenate (Modelled) 
10 ppm Selenate 





























0 ppm Selenate 
0 ppm Selenate (Modelled) 
5 ppm Selenate 
5 ppm Selenate (Modelled) 
10 ppm Selenate 






Figure ‎5.19: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
selenate and selenocyanate (1 g/L TiO2, 10 ppm selenite, 5 ppm selenate). 
 
 
Figure ‎5.20: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
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Figure ‎5.21: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
selenate and selenocyanate (1 g/L TiO2, 10 ppm selenite, 10 ppm selenate). 
 
 
Figure ‎5.22: Experimental and modelling results for selenite adsorption onto TiO2 in presence of 
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Figure ‎5.23: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 




Figure ‎5.24: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 
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Figure ‎5.25: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 




Figure ‎5.26: Experimental and modelling results for selenate adsorption onto TiO2 in presence of 
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6 REMOVAL OF SELENOCYANATE USING 
SOLAR ENERGIZED TIO2 MEDIATED 
PHOTOCATALYTIC DEGRADATION PROCESS 
6.1 Effect of EDTA concentration 
The effect of a hole scavenger such as formate on selenate and selenite removal has been 
reported earlier [31]. Therefore, we first investigated the effect of EDTA concentration 
on solar light photocatalytic removal of 10 ppm selenocyanate at pH 4. Figure 6.1 shows 
photocatalysis trend in the absence of EDTA, depicting complete SeCN complex 
destruction after 180 minutes of irradiation, which is converted to oxidized and toxic 
forms of selenium i.e., selenite and selenate. Appearance of selenite before selenate 
shows that SeCN first oxidizes to selenite and then to selenate. Mass balance analysis of 
species remaining at different time shows negligible loss of total selenium, which 
suggests that a hole scavenger is indeed required for the reduction of reaction 
intermediates to elemental selenium. Therefore, EDTA was employed as a hole 
scavenger in other experiments to improve on photocatalytic removal of selenocyanate. 
Photocatalysis trends for the removal of 10 ppm selenocyanate at pH 4 and in the 
presence of 150 ppm, 300 ppm, and 450 ppm EDTA concentrations are shown in Figures 





disappeared within 180 minutes of irradiation accompanied by its conversion to selenite 
and then selenate. At the time of EDTA addition, only selenate was present in the bulk 
solution. Addition of 150 ppm EDTA concentration (Figure 6.2) resulted in 14% and 7% 
reduction of selenate to elemental selenium and selenite respectively after 8 hours of 
irradiation.  In the presence of 300 ppm EDTA concentration (Figure 6.3), similar trends 
were observed before EDTA addition, with selenocyanate disappearing within 180 
minutes though with slower conversion rate to selenite and selenate. Similarly, total 
selenium at 180 minutes is present only in selenate form. Increase in the concentration of 
EDTA from 150 to 300 ppm lead to an increase in total selenium removal from 14% to 
about 20%.  Faster SeCN conversion to selenite and selenate was achieved in the case of 
450 ppm EDTA system after 3 hours of irradiation. Comparing the results in Figure 6.3 
and 6.4, increase in total selenium removal from less than 20% to more than 50% via 
reduction route was achieved within 8 hours due increase in EDTA concentration from 
300 to 450 ppm. The increase in SeCN removal with an increase in EDTA concentration 
might be as a result of an increase in holes depletion by EDTA as its concentration 
increases, which reduces electron-hole pair recombination. This in turns increases the 
availability of electrons for the reduction of both selenite and selenate. This is similar to 
the results obtained by Labaran and Vohra when they investigated the effect of EDTA 
concentration on photoreduction of selenite and selenate [28]. 
After completing the effect of EDTA experiments for 10 ppm SeCN, EDTA effect was 
further investigated for 20 ppm SeCN and trends similar to above were observed. 





and 6.6), faster conversion of SeCN to selenite and selenate before the addition of EDTA 
was observed. Lower total selenium values in the case of 300 ppm EDTA system 
between 30 and 180 minutes might be as a result of higher adsorption of selenite due to 
its slower conversion rate to selenate. However, in the case of 450 ppm EDTA system, 
conversion of selenite to selenate was faster (30 to 180 minutes) and this reduces the total 
amount of selenium adsorbed since adsorption of selenate onto TiO2 is negligible. 
Selenite has been reported to have superior adsorption onto TiO2 in comparison to 
selenate [28]. Therefore, increase in total selenium in Figure 6.5 at 180 minutes could be 
because of less adsorbable selenate. About 67% and 75% total selenium removal were 
achieved via reduction route after 8 hours of irradiation for 300 ppm and 450 ppm EDTA 
systems respectively. Comparing the solar light intensities for the two systems after the 
addition of EDTA shows that higher EDTA system receives less radiation. This 
confirmed that increase in total selenium removal with an increase in EDTA 










































































































































































































































6.2 Effect of pH 
Figures 6.5, 6.7 and 6.8 show the results of photocatalytic removal of 20 ppm 
selenocyanate at pH 4, 6 and 8 respectively, in the presence of 300 ppm EDTA 
concentration. At pH 4 (Figure 6.5), SeCN disappears within 180 minutes accompanied 
by its conversion to selenite and then selenate. The mass balance between 0 and 180 
minutes is low due to higher adsorption of selenite and slower conversion of selenite to 
selenate. However, at pH 6 and 8, the rate of disappearance of SeCN increases with 
selenocyanate conversion to selenite and then to selenate also faster. This might be 
because of increase in OH radicals‟ formation with pH as a result of increase in OH ions 
concentration [141]. This shows that selenocyanate complex destruction was not solely 
by reaction with photo-generated holes, but also by reaction with hydroxyl radical. After 
addition of EDTA at 180 minutes, approximately 67%, 34% and 17% SeCN removal is 
observed at 8 hours for pH 4, 6 and 8 respectively. In acidic medium, the surface of TiO2 
is predominantly positive (Equation 2.1 and Figure 4.4) and thus electrostatic attraction 
exist between TiO2 and negatively charged ions, a situation that favors selenite, selenate 
and EDTA adsorption. However, at higher pH values, the surface of TiO2 is 
predominantly negative (Equation 2.2 and Figure 4.4), leading to electrostatic repulsion 
between TiO2 and anionic species. Increase in the adsorption of selenite/selenate and 
EDTA anions, increases their chances of reacting respectively with photo-generated 
electrons and holes. In addition, increased adsorption, reduces the tendency of electron-
hole pair recombination. Labaran and Vohra (2014) also reported improved selenite and 
selenate photo-reduction in acidic medium as a result of increase in electrostatic 






Figure ‎6.7: Solar light photocatalytic removal of SeCN (20 ppm SeCN, 300 ppm EDTA, pH 6) 
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6.3 Effect of Selenocyanate Concentration 
Figures 6.3 to 6.6 show the effect of initial SeCN concentration on its removal under 
varying experimental conditions. Solar photocatalysis trends for the removal of SeCN 
and its reaction intermediates, i.e., selenite and selenate have been discussed in the 
previous sections. Figures 6.3 and 6.5 show that an increase in initial SeCN concentration 
from 10 to 20 ppm at pH 4 and in the presence of 300 ppm EDTA concentration lead to 
an increase in total selenium removal from about 20% to 67% after 8 hours of irradiation. 
Similar trend was observed in Figures 6.4 and 6.6 when the concentration was increased 
from 10 to 20 ppm in the presence of 450 ppm EDTA concentration. Approximately 52% 
and 75% total selenium removal were observed after 8 hours of exposure for 10 and 20 
ppm initial SeCN concentrations respectively. This can also be explained based on the 
increased scavenging of electron-hole pair recombination. As the concentration of SeCN 
increases, the adsorption of selenite and selenate resulting from the breakdown of SeCN 
increases which in turn increases their chances of reacting with the photo-generated 
electrons, thereby hindering the recombination of the electrons and the holes. This trend 
was observed by Sanuki et al. (2000) when they increased Se(VI) concentration from 50 
ppm to 100 ppm [49]. They also attributed this to increased adsorption at 100 ppm Se(VI) 
concentration. Labaran and Vohra (2014) also observed an increase in photoreduction of 








7 SOLAR LIGHT ASSISTED PHOTOCATALYTIC 
REMOVAL OF SELENOCYANATE IN THE 
PRESENCE OF SELENITE, SELENATE, 
CYANIDE, THIOCYANATE, AND AMMONIA 
Previous studies have shown that despite high efficiency of photocatalysis for the 
degradation of some pollutants, presence of co-pollutants can be a detriment to the 
removal of pollutants of interest. For example, Peral et al. (1989) observed strong 
competition between cyanide and phenol during photocatalytic degradation [112]. 
Furthermore, Vohra et al. (2010) have shown that presence of thiocyanate can hinder the 
removal of thiosulfate especially at high pH values [142]. Therefore, we investigated the 
effect of various co-pollutants on solar-light assisted photocatalytic removal of SeCN and 
the results are presented in this chapter. Photocatalytic degradation of selenocyanate 
(SeCN) in the presence of co-pollutants such as thiocyanate, ammonia and other selenium 
species has not been investigated to the best of our knowledge. For all experiment, SeCN, 





percentages of initial total selenium concentration in the system. Similarly, SCN and its 
intermediates were converted to their sulfur equivalence and expressed as percentages of 
initial SCN concentration (as sulfur). Similar was also adopted for nitrogen species and 
their intermediates. 
7.1 Effect of Co-Pollutants  
Results from solar photocatalytic degradation of 20 ppm SeCN
-
 at pH 4 in the presence of 
5 ppm selenite are given in Figures 7.1 and 7.2. We do note some selenite adsorption at 
time zero, followed by its gradual buildup because of selenocyanate degradation (Figure 
7.1). This is followed by a decrease in selenite after 1 hour reaction time, with a 
simultaneous increase in selenate, till 3 hours. We do note lower adsorption of selenate in 
comparison to selenite, with selenate near equal to total selenium at 3 hours. We also note 
some selenate and selenocyanate in the aqueous phase at higher reaction time. 
Selenocyanate seems to re-emerge in the solution phase because of competitive EDTA 
adsorption. Also, Figure 7.2 shows significant cyanide resulting from selenocyanate 
destruction followed by its conversion to ammonia.  
Figures 7.3 to 7.5 shows the effect of co-pollutant SCN
-
 on solar photocatalytic 
degradation of 20 ppm SeCN
-
. We observed a delay in oxidation of SCN
-
 to sulfate until 
a significant portion of SeCN
-
 is removed (Figure 7.5). Ammonia is the dominant N-
intermediate observed as depicted in Figure 7.4.  Oxidation of thiocyanate is reported to 
proceed via formation of some intermediates that quickly converts to ammonia at low pH 





7.6 and 7.7 shows selenium and nitrogen mass balance for the effect of CN
-
 on 
photocatalytic removal of 20 ppm SeCN
-
 at pH 4. The elemental selenium removals are 
qualitatively similar to above mentioned thiocyanate effect results with ammonia 
formation noted later during reaction. Oxidation of cyanide is reported to proceed 
according to equations 7.1 to 7.3, with ammonia intermediate cyanate converting to 
ammonia.  Nevertheless, quantitatively, we note lesser total selenium removal with 
cyanide as a co-pollutant (Figure 7.6) compared to thiocyanate experiment (Figure 7.3). 
This is in spite of the fact that though thiocyanate does show removal via competitive 
oxidation (Figure 7.5), however no such cyanide removal is noted in Figure 7.7. 
Furthermore, the maximum selenite formation in case of thiocyanate (Figure 7.3) is also 
higher than in case of cyanide (Figure 7.6). These contradictory looking trends can be 
explained as follows: As both selenocyanate and thiocyanate will consume the h
+
 species 
for oxidation, it will leave more e
-
 species for the reduction of oxidized Se species hence 
resulting in comparatively higher selenium removal (Figure 7.3).  
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 onto photocatalytic removal of 20 
ppm SeCN
-
 was also investigated and the results are shown in Figures 7.8 to 7.10. We 
note 65% total selenium removal (Figure 7.8). Results in Figure 7.10 show oxidation of 





noted in Figure 7.5 for SCN only effect, though for the former case we not slower 





species. Hence preferential SeCN
-
 removal before SCN
-
 oxidation should be accounted 













 after 9 hours of irradiation were respectively 
78%, 83%, 62% and 65%. In general, SeCN
-













. The above results indicate that 
other than the cyanide, other co-pollutants are also removed from the aqueous mixed 
stream along with selenocyanate, though longer reaction time may be needed in case of 
mixed system because of synergistic-competitive effects.  







photocatalytic removal of 10 ppm selenocyanate in the presence of 300 ppm EDTA at pH 
4 and 8 respectively. At pH 4 (Figure 7.11), about 61% total selenium removal was 
observed after 11 hours of irradiation. However, an increase in initial pH from 4 (Figure 
7.11) to 8 (Figure 7.12) lead to a decrease in total selenium removal from 61% to 46%. 
As explained earlier, TiOH2
+
 is the most dominant TiO2 species below pH 3.9 (Equation 
2.1 and Figure 4.4), and thus electrostatic attraction exist between the surface and anionic 
species i.e., selenite, selenate and EDTA. However, between pH 3.9 and 8.7, TiO2 mostly 
exist in neutral form (TiOH) and thus electrostatic attraction between the surface and the 
anionic species reduces, thereby reducing their adsorption. However, decrease in the 





their chances of reacting with the photo-generated electrons, thereby reducing their 
reduction to elemental selenium. 
 
Figure ‎7.1: Selenium mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SeO3
2-




Figure ‎7.2: Nitrogen mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SeO3
2-








































































Figure ‎7.3: Selenium mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SCN
-




Figure ‎7.4: Nitrogen mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SCN
-








































































Figure ‎7.5: Sulfur mass balance for solar-light photocatalytic removal of SeCN (20 ppm 
SeCN, 5 ppm SCN
-




Figure ‎7.6: Selenium mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm CN
-








































































Figure ‎7.7: Nitrogen mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm CN
-




Figure ‎7.8: Selenium mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+







































































Figure ‎7.9: Nitrogen mass balance for solar-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+




Figure ‎7.10: Sulfur mass balance for solar-light photocatalytic removal of SeCN (20 ppm 
SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+








































































Figure ‎7.11: Selenium mass balance for solar-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+




Figure ‎7.12: Selenium mass balance for solar-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+







































































7.2 Effect of Selenocyanate Concentration  







photocatalytice removal of 10 ppm and 20 ppm SeCN concentration respectively. The 
trend of SeCN conversion to selenite and selenate in Figures 7.8 and 7.11 which were 
obtained in the presence of 300 ppm EDTA concentration at pH 4 have been discussed in 
the previous sections. An increase in initial SeCN concentration from 10 ppm (Figure 
7.11) to 20 ppm (Figure 7.8) at pH 4 and in the presence of 300 ppm  EDTA 
concentration lead to an increase in total selenium removal from about 61% to 65% after 
11 hours of irradiation. This can also be explained based on the increased scavenging of 
electron-hole pair recombination. As the concentration of SeCN increases, the adsorption 
of selenite and selenate resulting from the breakdown of SeCN increases which in turn 
increases their chances of reacting with the photo-generated electrons, thereby hindering 
the recombination of the electrons and the holes. Labaran and Vohra (2014) also 
observed an increase in photoreduction of selenate when its concentration was increased 
from 20 ppm to 100 ppm. Sanuki et al. 2000 also noted an increase in selenate PCD 






8 UV LIGHT ASSISTED PHOTOCATALYTIC 
REMOVAL OF SELENOCYANATE IN THE 
PRESENCE OF SELENITE, SELENATE, 
CYANIDE, THIOCYANATE, AND AMMONIA 
 
8.1 Effect of Co-Pollutants  
The effect of ammonia on UV-light photocatalytic degradation of 10 ppm SeCN was first 
investigated at pH 4 and selenium/nitrogen mass balances are shown in Figures 8.1 and 
8.2 respectively.  Figure 8.1 shows near complete removal of SeCN and its conversion to 
reaction intermediates (selenite and selenite) within 180 minutes. The appearance of 
selenite before selenate is a confirmation that SeCN first converts to selenite and then to 
selenate. Total selenium reduces as SeCN converts to selenite (0 to 60 minutes), which 
might be as result of the adsorption of species with time. As more selenite is converted to 
selenate (60 to 180 minutes), total selenium in the system increases as a result of low 
adsorption of selenate onto TiO2 as compared to selenite. Labaran and Vohra (2014) have 
shown that selenite adsorption onto TiO2 is superior to that of selenate [28]. At 180 





EDTA. This might be as a result of competition between selenium species and EDTA for 
limited adsorption sites on TiO2 particles. Though, selenium species cannot be reduced to 
elemental selenium without the presence of a hole scavenger, its presence will limit the 
oxidation of SeCN bond. Therefore, EDTA was added at 180 minutes at which most of 
selenium species is converted to selenite and selenate. Reduction of selenate to elemental 
selenium was observed after the addition of hole scavenger EDTA. About 99% selenium 
reduction was observed after 420 minutes. Figure 8.2 on the other hand an insignificant 
change in ammonia concentration. Previous studies have shown that photocatalytic 
degradation of ammonia is not effective at low pH values.  Zhu et al.  (2005) found that 
initial ammonia photocatalytic oxidation rates are proportional to the neutral NH3 form 
which will be negligible at acidic pH values [144]. Low nitrogen mass balance could 
result either because of intermediates adsorption or reduction to N2 as explained by 
Vohra and co-workers [145]. Furthermore, another experiment that was conducted with 
addition of EDTA at 300 minutes (Figures 8.3 and 8.4) showed similar trends to the 
results in Figures 8.1 and 8.2.  
We further investigated the effect of selenate added at time zero on photocatalytic 
degradation of SeCN at pH 4 (Figure 8.5 and 8.6). Faster formation as well as 
disappearance of selenite is observed (Figure 8.5) in comparison to 
selenocyanate/ammonia systems (Figure 8.1 and 8.3). However, a lag in the total 
selenium species removal is observed between 0 and 30 minutes, which results from 
higher initial concentration of low adsorbing selenate species. However, as selenite 
concentration increases due to conversion of SeCN
-





adsorbed between 30 and 60 minutes but reduces again between 60 and 180 minutes as 
more selenite converts to selenate. Though addition of EDTA at 5 hours results in only 
70% total selenium removal, however on mass basis this is close to that achieved in case 
of selenocyanate/ammonia systems. This shows that the rate of conversion of selenate, 
which is the only form of selenium remaining at the time of addition of EDTA, is not 
significantly affected by an increase in its initial concentration. Also, similar to the 
selenocyanate/ammonia binary systems, a poor nitrogen mass balance is noted. 
In continuation, photocatalytic removal of 10 ppm SeCN in the presence of selenite was 
also conducted (Figure 8.7 and 8.8). As in the two previous cases, SeCN conversion to 
selenate via selenite was observed. However, due to the presence of additional selenite at 
the beginning, part of it still remains in the solution at 5 hours reaction time. We also note 
a jump in selenate concentration after EDTA addition. The only possible explanation is 
the displacement of selenate from TiO2 surface by EDTA. As expected, higher total 
selenium removal (>90%) is observed for selenocyanate/selenite system as compared to 
selenocyanate/selenate system.  
The effect of SCN on photocatalytic removal of 10 ppm SeCN
-
 was also investigated and 
the results are displayed in Figures 8.9 to 8.11. Figure 8.9 shows conversion of SeCN
-
 to 
selenite and then to selenate. Near complete total selenium removal indicate a non-




 species are both oxidized by the OH
•
 radicals. 
Near complete conversion of thiocyanate is achieved within one hour. Total sulfur also 





conversion of SCN to sulfate is observed between 0 and 30 minutes (Figure 8.11) until 
significant amount of SeCN
-
 is removed (Figure 8.9). Addition of EDTA at 5 hours 
results in a sudden increase in sulfate concentration as well as total sulfur which might 
result from displacement of TiO2 surface bound sulfate by EDTA. Further decrease in the 
concentration of sulfate due to adsorption was observed between 5 and 11 hours albeit at 
a slower rate due to presence of EDTA. Also an increase in the adsorption of sulfate 
(Figure 8.11) corresponds to the re-appearance of selenocyanate (Figure 8.9) which 
signifies the displacement of latter by the former from the TiO2 surface.  
Effect of cyanide onto SeCN
-
 PCD was also investigated and the results are shown in 




 results, re-appearance of SeCN
-
 is 
observed after EDTA addition. Figure 8.13 also shows no reduction in cyanide 








 systems, we 
note that the final SeCN
-
 concentration for former is lower than in latter, which might 
result from the presence of more total cyanide in former study. 










 mixed system was also 







 iss not observed after the addition of EDTA (Figure 8.14), though 
slower SCN
-





 binary system (Figure 8.11). Also, no significant change iss observed in 















Figure ‎8.1: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm NH4
+






































Figure ‎8.2: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (10 ppm 
SeCN, 5 ppm NH4
+




Figure ‎8.3: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm NH4
+







































































Figure ‎8.4: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (10 ppm 
SeCN, 5 ppm NH4
+




Figure ‎8.5: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SeO4
2-







































































Figure ‎8.6: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (10 ppm 
SeCN, 5 ppm SeO4
2-




Figure ‎8.7: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SeO3
2-







































































Figure ‎8.8: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (10 ppm 
SeCN, 5 ppm SeO3
2-





Figure ‎8.9: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SCN
-







































































Figure ‎8.10: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SCN
-




Figure ‎8.11: Sulfur mass balance for UV-light photocatalytic removal of SeCN (10 ppm 
SeCN, 5 ppm SCN
-








































































Figure ‎8.12: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm CN
-




Figure ‎8.13: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm CN
-







































































Figure ‎8.14: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+




Figure ‎8.15: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+







































































Figure ‎8.16: Sulfur mass balance for UV-light photocatalytic removal of SeCN (10 ppm 
SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+
,300 ppm EDTA, pH 4) 
8.2 Effect of pH  
In this section, the effect of pH on UV-light assisted photocatalytic removal of 10 ppm 
SeCN
-















systems, an experiment was conducted at pH 10 in the presence of 300 
ppm EDTA and the results are shows in Figure 8.17. Comparing the findings in Figure 
8.17 with pH 4 results (Figure 8.3), faster selenocyanate degradation was observed here, 
with near complete SeCN
-
 disappearance within 1 hour as against 3 hours at pH 10. As 
explained earlier, this results from electrostatic attraction between positively charged 
TiO2 surface and anionic species at low pH values that enhanced adsorption. Higher total 
selenium increase after 3 hours as a result of displacement of TiO2 bound selenium ions 






































of irradiation increases from about 99% at pH 4 (Figure 8.3) to about 54% at pH 10 









Near complete selenocyanate complex destruction was achieved after 3 hours and 5 hours 
at pH 4 (Figure 8.14) and pH 8 (Figure 8.18) respectively. In addition, decrease in total 
selenium removal after 11 hours of reaction time is observed due to increase in pH from 4 
to 8.  
 
Figure ‎8.17: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN,5 ppm NH4
+






































Figure ‎8.18: Selenium mass balance for UV-light photocatalytic removal of SeCN (10 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+
,300 ppm EDTA, pH 8) 
 
8.3 Effect of Selenocyanate Concentration  
After completing the effect of co-pollutants and pH, we further investigated the effect of 
initial SeCN
- 
concentration on its removal. To do that, an experiment was conducted with 
20 ppm SeCN
-






 using UV-light assisted photocatalysis 
and the results are presented in Figures 8.19 to 8.21. Comparing SeCN
-
 photocatalytic 
reduction to elemental selenium in Figure 8.19 with 10 ppm results displayed in Figure 
8.14, increase in SeCN
-
 removal on mass basis was observed with an increase in initial 
concentration after 11 hours of irradiation. About 72% (5.5 total selenium as Se) and 62% 
(9.4 total selenium as Se) SeCN reduction to elemental selenium is achieved for the 10 
and 20 ppm respectively. This is similar to the findings of Labaran and Vohra when they 





































attributed higher selenate reduction to elemental selenium to increased adsorption of the 
selenate ions. However, a decrease in thiocyanate oxidation to sulfate transpires with an 
increase in SeCN
-
 concentration due to increased competition for the photo-generated 
holes brought by additional SeCN
-
 in the system.  
 
Figure ‎8.19: Selenium mass balance for UV-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+
,300 ppm EDTA, pH 4 
 
 
Figure ‎8.20: Nitrogen mass balance for UV-light photocatalytic removal of SeCN (20 
ppm SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+






































































Figure ‎8.21: Sulfur mass balance for UV-light photocatalytic removal of SeCN (20 ppm 
SeCN, 5 ppm SCN
-
, 5 ppm CN
-
, 5 ppm NH4
+





































9 UV LIGHT ASSISTED COMPETITIVE 
PHOTOCATALYTIC REMOVAL OF 
SELENOCYANATE AND PHENOL 
9.1 Effect of pH 
9.1.1 10 ppm Selenocyanate Concentration 











the effect of phenol onto selenocyanate photocatalysis was also investigated. In that 
regard, several experiments were conducted, at varying process operational conditions as 
outlined in Table 10.2 as per design of experiment.  In that regard, initially, two 
experiments were conducted at pH 4 and 8 and respective results are shown in Figures 
9.2 and 9.4 respectively. Faster selenocyanate destruction is noticed at pH 4 (Figure 9.2), 
with its near complete removal at 3 hours. As also noted earlier, the appearance of 
selenite before selenate shows that selenocyanate is first oxidized to selenite and then to 
selenate. We also noticed a minor benzeneseleninic acid buildup before the appearance of 
selenate, reaching a maximum of about 2.6% at 45 minute. Selenate was not detected 
between 0 and 30 mins showing a delay in the conversion of selenite to selenate. This 





between the time frame (0 and 30 mins). However, as selenite converts to selenate, total 
selenium in  aqueous phase also increases, thereby leading to near complete mass balance 
at 300 mins. This is due to the lower adsorption potential of selenate as compared to 
selenite. Now looking at the results for the experiment conducted at pH 8 (Figure 9.4), we 
note negligible benzeneseleninic acid formation, but considerable selenate buildup 
because of its lower adsorption at pH 8, with overall selenium mass balance noted to be 
complete between 0 and 5 hours reaction time. Also unlike Figure 9.2 where we note a 
jump in both selenite and selenate at 300 mins after the addition of EDTA, findings in 
Figure 9.4 show no such jump, which also indicates that most Se-species are in the 
aqueous phase at higher pH 8. Furthermore, selenocyanate also reappeared after EDTA 
addition, but got oxidized later. Nevertheless, the total selenium removal in the presence 
of phenol is low, i.e., 56% and 50% after 10 hours of irradiation at pH 4 (Figure 9.2) and 
pH 8 (Figure 9.4) respectively. This indicates that competitive and synergistic effect of 
phenol and its reaction intermediates onto total selenium removal. We also monitored 
phenol degradation trends and intermediates formation trends both at pH 4 (Figure 9.3) 
and pH 8 (Figure 9.5). At pH 4, near complete phenol removal is achieved within 3 hours 
of irradiation. Comparison of results in Figure 9.3 and 9.5 also shows that an increase in 
pH lead to faster phenol degradation kinetic, with complete phenol removal achieved 
within 1 hour at pH 8. The quantitative assessment of some intermediates showed minor 
formation of hydroquinone and benzeneseleninic acid from the beginning of the 
experiment, while resorcinol and pyrocatechol were only detected after 30 and 15 mins of 





to a maximum value of about 4% after 1 hour of irradiation. Maximum seleninic acid 
formation of about 5% was observed at 45 minute reaction time. Neither phenol nor its 
degradation intermediates were detected after 5 hours of irradiation. Therefore, we 
suggest mineralization of phenol to carbon dioxide through the formation of during the 
course of reaction as also suggested decrease in TOC results with time (data not shown). 
Some of possible reactions occurring during the phenol-SeCN
-
 photocatalysis are 
provided in equation 9.1. to 9.8. Phenol oxidation to the three benzenediols proceeds 
according to equation 9.1. However, oxidation of phenol to benzeneseleninic acid is 
suggested to proceed either from direct reaction between selenocyanate and phenol to 
form benzeneseleninic acid (equation 9.2), or reaction between phenol and selenocyanate 
to form phenyl selenocyanate (equation 9.3), followed by quick oxidation of phenyl 
selenocyanate to benzeneseleninic acid (equation 9.4). However, since phenyl 
selenocyanate was not detected, benzeneseleninic acid formation is more likely by 
equation 9.2. In addition to the primary intermediates mentioned, some small peaks were 
also detected but not in measurable quantities due to their small concentrations. Other 
reactions such as oxidation of hydroquinone to maleic acid and acetylene (equation 9.5), 
oxidation of pyrocatechol to oxalic acid and acetylene (equation 9.6), oxidation of 
resorcinol to fumaric acid and acetylene (equation 9.7) and reduction of benzeneseleninic 
acid to dimethyl selenide (equation 9.8) are also possible among other intermediate 
reactions. Intermediate formations at pH 8 and its comparison with the pH 4 results show 





acid decreases with an increase in pH. Faster selenocyanate destruction and higher 
selenite adsorption at pH 4 favors the formation of benzeneseleninic acid. 
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Figure ‎9.2: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (10 ppm 




Figure ‎9.3: Trends from UV light photocatalytic destruction of phenol at pH 4 (10 ppm 








































































Figure ‎9.4: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (10 ppm 





Figure ‎9.5: Trends from UV light photocatalytic destruction of phenol at pH 8 (10 ppm 






































































As noted above that both at pH 4 and 8, the total selenium removal was about 50%, hence 
we also investigated use of higher 300 ppm EDTA for greater reduction of 
selenite/selenate to elemental selenium and the respective results at pH 4 as given in 
Figure 9.6 show comparatively larger total selenium removal. An exponential destruction 
of selenocyanate with time (Figure 9.6). Also similar to the results presented in Figure 2, 
conversion of selenite to selenate is delayed. Benzeneseleninic acid formation trends 
were also similar to those in Figure 2. An almost linear reduction of selenite and selenate 
is also observed between 5 hours and 6 hours. However, after 7 hours, the rate of selenite 
reduction decreases accompanied by reappearance of selenocyanate. Formation of 
selenite and selenate at pH 6 (Figure 9.8) is faster than at pH 4 (Figure 9.6). 
Benzeneseleninic acid formation was less than 1% throughout the course of reaction, 
showing a decrease in its formation with an increase in pH. Nevertheless, complete mass 
balance is noted between 0 and 5 hours. Comparing selenate reduction to elemental 
selenium after EDTA addition, a decrease is observed when the pH is increased from 4 to 
6. Unlike pH 4, no reappearance of selenocyanate is observed at pH 6, however total 
selenium removal is low with a possible explanation of lower selenate adsorption at pH 6. 
A somewhat similar trend is also noted at pH 8 (Figure 9.10). Also an increased selenate 
formation between 0 and 5 hours is observed at pH 8 (Figure 9.10) compared to pH 4 
(Figure 9.6) and 6 (Figure 9.8), with an almost linear increase in selenate formation at 5 
hour reaction time. Benzeneseleninic acid formation was negligible which then shows a 
decrease from pH 4 till 8. Now looking at pH 10 results (Figure 9.12), the destruction of 





hours of irradiation and before the addition of EDTA. Formation of selenate is also 
negligible within the above-mentioned duration, with selenite and selenate almost 
completing the mass balance. However, after EDTA addition, selenocyanate destruction 
proceeds at a very slow rate due to competitive EDTA oxidation and we also note 
selenite conversion to selenate. Now comparing the respective phenol degradation and 
intermediates formation results at pH 4 (Figure 9.7), phenol is completely removed 
within 3 hours of reaction time accompanied by a minor benzeneseleninic acid, 
hydroquinone, and catechol formation. Benzeneseleninic acid formation trends show a 
buildup of about 6% within 10 minutes, which disappeared after 3 hours. Hydroquinone 
and catechol were detected between 15 minutes and 3 hours. Increase in pH from 4 
(Figure 9.7) to 6 (Figure 9.9) lead to an increase in phenol removal at all reaction time. 
This is however accompanied by a decrease in benzeneseleninic acid formation because 
of a decrease in selenocyanate degradation rate as explained earlier. Further increase in 
pH from 6 (Figure 9.9) to 8 (Figure 9.11) also lead to an increase in phenol removal at all 
reaction time. Benzeneseleninic acid formation is almost negligible, with notable 
hydroquinone formation observed till 5 hours. Hydroquinone formation at pH 8 is the 
highest. Nevertheless, a further increase in initial pH from 8 (Figure 9.11) to 10 (Figure 
9.13) lead to a decrease in phenol removal. This might be attributed to electrostatic 
repulsion between the negatively charged TiO2 particle and phenol speciation to 
phenolate (Figure 9.1). Though at pH 10, phenol will still be dominant species 
considering a pKa value of 9.9 [146-151] with some phenolate, however TiO
-
 will be the 





initial degradation rates between pH 1 and pH 7, and a decrease between pH 7 and 11,  
with near complete phenol removal was achieved after 8 hour reaction time [152]. 
 
Figure ‎9.6: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (10 ppm 





Figure ‎9.7: Trends from UV light photocatalytic destruction of phenol at pH 4 (10 ppm 








































































Figure ‎9.8: Trends from UV light photocatalytic destruction of selenocyanate at pH 6 (10 ppm 




Figure ‎9.9: Trends from UV light photocatalytic destruction of phenol at pH 6 (10 ppm 







































































Figure ‎9.10: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (10 ppm 





Figure ‎9.11: Trends from UV light photocatalytic destruction of phenol at pH 8 (10 ppm 







































































Figure ‎9.12: Trends from UV light photocatalytic destruction of selenocyanate at pH 10 (10 ppm 




Figure ‎9.13: Trends from UV light photocatalytic destruction of  at pH 10 (10 ppm selenocyanate, 





































































The above mentioned incomplete total selenium removal even at low pH 4 and 
employing 300 ppm EDTA, prompted to try a higher concentration of the hole/h
+
 
scavenging agent EDTA, i.e., 450 ppm, to achieve near complete total selenium removal. 
The respective results at pH 4 are provided in Figure 9.14. Similar to the results in 
Figures 9.2 and 9.6, faster selenocyanate destruction was also observed at pH 4 in the 
presence of 450 ppm EDTA concentration (Figure 9.14). At pH 4, the destruction of 
selenocyanate is almost complete after 5 hours of irradiation. Selenocyanate is first 
converted to selenite and then to selenate as observed in the previous results with 
negligible organic selenium formation as compared to inorganic selenium. As observed 
for previous pH 4 results (Figures 9.2 and 9.6), selenate formation in Figure 9.14 is also 
delayed, with selenate appearing in the solution only after 1 hour of irradiation time. 
Total selenium decreases with time because of selenate and selenite reduction after 
EDTA addition. The total selenium removal is higher than reported in Figure 9.2 and 9.6 
due to higher amount of EDTA which causes decreased recombination of photo-
generated holes and electrons and hence higher availability of later for selenite and 
selenate reduction. Increase in the pH from 4 (Figure 9.14) to pH 8 (Figure 9.15) results 
in decreased rate of selenocyanate destruction and an increase in the rate of selenate 
formation. After EDTA addition, increase in selenite and selenate concentrations is 
observed because of desorption as caused by EDTA adsorption. The selenite and selenate 
are then reduced to elemental selenium. While selenite reduction is almost complete after 
8 hour of irradiation, selenate reduction proceeds linearly even at 10 hours. About 20% 
selenate concentration remains at 10 hours which might be as a result of partial reduction 
of selenate due to decrease in EDTA concentration. Overall total selenium removal after 






Figure ‎9.14: Trends from UV light photocatalytic destruction selenocyanate at pH 4 (10 ppm 





Figure ‎9.15: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (10 ppm 



































































After successful investigating the effect of pH on photocatalytic removal of 10 ppm 
selenocyanate and 5 ppm phenol under varying EDTA concentrations, we then 
investigated the respective systems at higher phenol concentration of 15 ppm. Figures 
9.16 and 9.18 shows experimental trend for the removal of 10 ppm selenocyanate in the 
presence of 15 ppm phenol and 150 ppm EDTA. For pH 4 results (Figure 9.16), the 
general trends for selenocyanate destruction and intermediates (selenite and selenate) 
formation are similar to those in Figures 9.2, 9.6 and 9.14; A total selenium removal of 
about 51% is achieved after 10 hours of irradiation is lower due to higher phenol 
concentration (15 ppm) and also because of lower 150 ppm EDTA amount. High phenol 
concentration results in competitive oxidation between selenocyanate and phenol, 
whereas as the low EDTA is sufficient to minimize electrons and holes recombination, 
which in turn decreases photocatalytic reduction efficiency of both selenite and selenate. 
Trends in Figure 9.18 showing results at pH 8 are somewhat different from the other 
respective systems at pH 8 discussed earlier (Figures 9.4, 9.10 and 9.15). Results in 
Figure 9.18 shows a delay in selenate formation similar to that observed at pH 4 (but not 
at pH 8) in the presence of 5 ppm phenol. This might be as a result of an increase in 
competitive adsorption and oxidation between the added phenol and selenocyanate. 
Overall total selenium removal after 10 hours of irradiation decreases from 51% at pH 4 
(Figure 9.16) to 41% at pH 8 (Figure 9.18). Phenol degradation and intermediates 
formation for the experiments discussed above are presented in Figures 17 and 19. About 
99% phenol was observed at pH 4. Overall phenol removal increases with an increase in 





removal was observed at 10, 30 and 60 minutes respectively when initial pH was 
increased from 4 to 8. Similar to most of the results at pH 4, minor amounts of 
benzeneseleninic acid and hydroquinone were detected before pyrocatechol and 
resorcinol. Peak intermediates formation is in the order hydroquinone > pyrocatechol > 
benzeneseleninic acid > resorcinol. Results in Figure 19 obtained at pH 8 also show 
complete phenol removal with a decrease noted in benzeneseleninic acid formation and 
increase in hydroquinone formation compared to pH 4  results (9.17).  
 
Figure ‎9.16: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (10 ppm 






































Figure ‎9.17: Trends from UV light photocatalytic destruction of phenol at pH 4 (10 ppm 




Figure ‎9.18: Trends from UV light photocatalytic destruction of selenocyanate phenol at pH 8 (10 







































































Figure ‎9.19: Trends from UV light photocatalytic destruction of phenol at pH 8 (10 ppm 
selenocyanate, 15 ppm phenol, 150 ppm EDTA added at 5 hours). 
 
Like the earlier reported lower total selenium removal at low EDTA, we further 
investigated photocatalytic removal of 10 ppm selenocyanate in presence of 15 ppm 
phenol using 450 ppm EDTA, with respective results shown in Figures 9.20 and 9.21. 
Comparing the results at pH 4 (Figure 9.20) with those at pH 8 (Figure 9.21), faster 
selenocyanate removal iss observed at pH 4. After 10 hours of irradiation, total selenium 
present at pH 4 as selenite, selenate, and selenocyanate are 8%, 39%, and 0% and 8%, 
16%, 29% at pH 8, respectively. Total selenium removal was thus 53% at pH 4 and 47% 
at pH 8. This confirms our earlier observation that an increase in pH results in a decrease 
in total selenium removal.  Also important to note is that comparing Figure 9.14 and 9.20, 
we not that total selenium removal even using 450 ppm EDTA, decreases significantly 






































be asked are 1) most phenol is removed at an earlier stage, and 2) like EDTA, phenol or 
its intermediates should also scavenge h
+
 species (either directly or indirectly) that should 
in turn leave more e
-
 species for selenite/selenate reduction. Then why an increase in 
phenol from 5 ppm (Figure 9.14) to 15 ppm (Figure 9.20) causes a notable decrease in the 
total selenium removal. One possible explanation is that the reaction intermediates 
resulting from phenol degradation may adsorb onto TiO2 surface thus reducing 
interaction of remaining selenate species with the TiO2 surface for effective reduction or 




Figure ‎9.20: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (10 ppm 






































Figure ‎9.21: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (10 ppm 
selenocyanate, 15 ppm phenol, 450 ppm EDTA added at 5 hours). 
 
9.1.2 20 ppm Selenocyanate Concentration 
To build on the results discussed for photocatalytic removal of 20 ppm selenocyanate, we 
conducted three experiments at pH 4, 6 and 8 at 20 ppm selenocyanate and fixed phenol 
concentration of 10 ppm and EDTA concentration of 300 ppm; the respective results are 
presented in Figures 9.22, 9.24 and 9.26 respectively. Unlike experiments completed for 
10 ppm selenocyanate concentration (Figures 9.2 to 9.21) where selenocyanate is almost 
completely removed within 5 hours, results in Figures 9.22, 9.24, and 9.24 show that 
significant amount of selenocyanate remains even after 5 hours of irradiation. For 
example, selenocyanate remaining after 5 hours of reaction time is 12, 28, and 34% at pH 
4, 6 and 8 respectively. It should however be noted that though the selenocyanate % 




































still higher at elevated concentration. Therefore, the rate of selenocyanate destruction 
increases with an increase in selenocyanate concentration. Selenite formation increases 
with time at pH 4 (Figure 9.22) until it reaches about 13% at 45 minutes followed by 
some few decrease and then a constant trend till 5 hour reaction time. Addition of EDTA 
lead to an abrupt increase in selenite due to displacement of adsorbed selenite from the 
surface by EDTA adsorption. Also comparing the respective jump in selenite aqueous 
phase concentration in Figures 9.22, 9.24 and 9.24, we note a relative decrease as pH is 
increased from 4 to 8, which is because of reduced selenite adsorbed amount at higher 
pH. Nevertheless, selenate with insignificant adsorption, also shoe insignificant jump 
upon EDTA addition. Also after EDTA addition, both selenite and selenate 
concentrations decreased with time accompanied by a slight increase in selenocyanate 
concentration. Also important to note is that the results in Figures 9.24 and 9.26 show 
very negligible initial aqueous phase selenite between 0 and 5 hours. Though and as also 
mentioned above that selenite does show higher adsorption at low pH values, however a 
qualitative comparison between present pH 8 selenite trends (Figure 9.26) with others, 
e.g. (Figure 9.10, 10 ppm SeCN), shows comparatively lower selenite in the aqueous 
phase. One explanation for this different trend is comparatively lower SeCN degradation 
as noted in Figures 9.22, 9.24 and 9.26. Furthermore, on mass basis the amount of Se-
species adsorbed will be higher and thus considering a limited number of TiO2 surface 
sites may eventually yield lower adsorption. Furthermore, a delay in selenate formation is 
also observed at all pH values that can also be attributed to slower SeCN degradation and 





where an increase in total selenium removal was observed with a decrease in pH, total 
selenium removal decreased from 42% at pH 4 to 36% at pH 6 for 20 ppm selenocyanate. 
A further increase in pH from 6 to 8 lead to a further decrease in total selenium removal 
from 36% to 26%, respectively.  
We also investigated the effect of pH on photocatalytic removal of phenol for 20 ppm 
selenocyanate/10 ppm phenol systems in the presence of 300 ppm EDTA concentration 
and the results at pH 4, 6, and 8 are shown in Figures 9.23, 9.25, and 9.27. Overall 
removal after 10 hours irradiation is about 87, 92, and 97% at pH 4, 6, and 8 respectively. 
Furthermore, results displayed in Figure 9.23 show an increase in phenol removal with 
time, with the increase been more pronounced before the addition of EDTA. 
Hydroquinone and benzeneseleninic acid concentrations increased to about 4% at 3 and 5 
hours, respectively. Pyrocatechol and resorcinol were also detected intermittently 
between 0 and 5 hours. An increase in pH from 4 (Figure 9.23) to 6 (Figure 9.25) lead to 
an increase in phenol removal vs time. However, we noticed a decrease of about 4%  in 
benzeneseleninic acid formation due to an increase in pH from 4 to 6, whereas 
hydroquinone formation at pH 6 almost double than that at pH 4. Similar observations 






Figure ‎9.22: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (20 ppm 




Figure ‎9.23: Trends from UV light photocatalytic destruction of [b] phenol at pH 4 (20 ppm 







































































Figure ‎9.24: Trends from UV light photocatalytic destruction of selenocyanate at pH 6 (20 ppm 




Figure ‎9.25: Trends from UV light photocatalytic destruction of phenol at pH 6 (20 ppm 







































































Figure ‎9.26: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (20 ppm 




Figure ‎9.27: Trends from UV light photocatalytic destruction of phenol at pH 8 (20 ppm 






































































9.1.3 30 ppm Selenocyanate Concentration 
We further investigated the selenocyanate/phenol mixed system at 30 ppm selenocyanate 
concentration under a varying set of conditions. We first conducted experiments for 30 
ppm selenocyanate in the presence of 5 ppm phenol and 150 ppm EDTA and respective 
results are presented in Figures 9.28 and 9.30. Results in Figure 9.28 show a notable 
increase in aqueous phase selenite as compared to previously mentioned results for 10 
and 20 ppm selenocyanate. Selenite formation increases to almost 34% after 3 hours, 
followed by a drop to about 25% after 5 hours. Addition of EDTA lead to an increase in 
its concentration to 31% because of its desorption stated earlier. A decrease in selenite 
and selenate concentrations is however observed after EDTA addition with somewhat 
increase in the selenocyanate concentration. Though significant decrease in selenite 
concentration is noted, however, notable selenate amount remains even 10 hours reaction 
time. Comparing the results at pH 4 (Figure 9.28) and 8 (Figure 9.30), a decrease in 
selenocyanate destruction rate is observed with an increase in pH, with difference more 
noticeable within the first one hour, e.g., selenocyanate remaining at pH 8 is almost 
double than that at pH4. However, at pH 8 (Figure 9.30), low selenite formation is noted 
between 0 and 5 hours, whereas and selenate formation is significant. This is explained 
based upon the noted slower selenocyanate degradation which in turn will also produce 
lower selenite species. The produced selenite will adsorb and get oxidized to selenate that 
because of its lower adsorption shows higher aqueous phase presence. Selenite and 
selenate reduction trends after EDTA addition are similar at both pH 4 and 8. The overall 





selenium removal is noted both because of a higher initial total selenium and lower 
EDTA addition. This point will be further revisited in the coming section to explore 
removal of total selenium at a higher EDTA addition.  
Now comparing phenol degradation results at pH 4 (Figure 9.29) and 8 (Figure 9.31), we 
not an increase in phenol removal due to an increase in pH as also noted in the earlier 
sections. About 81%, and 100% phenol removal is observed just before EDTA addition 
at pH 4 and 8 respectively.  
 
Figure ‎9.28: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (30 ppm 






































Figure ‎9.29: Trends from UV light photocatalytic destruction of phenol at pH 4 (30 ppm 




Figure ‎9.30: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (30 ppm 







































































Figure ‎9.31: Trends from UV light photocatalytic destruction of [a] selenocyanate and [b] phenol 
at pH 8 (30 ppm selenocyanate, 5 ppm phenol, 150 ppm EDTA added at 5 hours). 
 
To gain more insight into above mentioned photocatalytic removal of 30 ppm 
selenocyanate, we repeated the respective experiments in the presence of 5 ppm phenol, 
but adding 450 ppm EDTA after 5 hours. Figures 9.32 and 9.33 show the results for pH 4 
and 8 respectively. We indeed note enhanced total selenium removal, e.g., at pH 4 about 
58% total selenium is noted that is comparatively higher to 21% in Figure 9.28. Though 
higher total selenium still remains, however the total mass-basis selenium removal is still 








































Figure ‎9.32: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (30 ppm 




Figure ‎9.33: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (30 ppm 





































































The above discussion was further expanded by conducting similar experiments at 15 ppm 
phenol and the respective results are given in Figures 9.34 to 9.39. For the respective 150 
ppm EDTA systems, an increase in phenol from 5 to 15 ppm indeed cause reduced SeCN 
removal at both pH 4 and 8 (Figures 9.28, 9.30, 9.34 and 9.36). For example, about 27% 
and 59% selenocyanate remains just before EDTA addition at pH 4 and pH 8 (Figures 
9.34 and 9.36), showing a decrease in selenocyanate destruction compared to results from 
experiments conducted at 5 ppm phenol (Figures 9.28 and 9.30). Similarly, Figures 9.38 
and 9.39 show about 23% and 56% SeCN remaining respectively at 5 h reaction time that 
is lower than that noted in Figures 9.32 and 9.33 with value of 58% and 64%, 
respectively. This shows that increase in both phenol and pH have a negative effect on 
the destruction of selenocyanate. Despite that, the removal is still higher at pH 4 than at 
pH 8 which might be because of higher selenite and selenate adsorption at pH 4. Total 
selenium removal at the end of the experiment was about 26% at pH 4 and 21% at pH 8. 
We also investigated the effect of pH on 15 ppm phenol removal in the presence of 30 
ppm selenocyanate and respective results are shown in Figures 9.35 and 9.37. Increase in 
phenol removal from about 71% at pH 4 to about 84% at pH 8 iss observed. Increase in 
phenol degradation at pH 8 is as a result of increased reaction with hydroxyl radicals. We 
also observed an increase in hydroquinone, resorcinol, and pyrocatechol formation with 






Figure ‎9.34: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (30 ppm 




Figure ‎9.35: Trends from UV light photocatalytic destruction of phenol at pH 4 (30 ppm 







































































Figure ‎9.36: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (30 ppm 




Figure ‎9.37: Trends from UV light photocatalytic destruction of phenol at pH 8 (30 ppm 






































































Also for higher phenol and EDTA studies (Figures 9.38 and 9.39), complete destruction 
of selenocyanate is not achieved even after EDTA addition. Increased competition for 
both limited TiO2 adsorption sites and photo-generated holes/OH radicals for the 
oxidation of SeCN at higher concentration causes its lower destruction. Percent 
selenocyanate remaining after 5 hours at pH 4 and 8 are 23% and 56%, respectively. 
Unlike previous results in the presence of 150 ppm EDTA where reduction to elemental 
selenium was small after EDTA addition, significant reduction of selenite and selenate is 
achieved in the presence of 450 ppm especially at pH 4 (Figure 9.38).  
 
Figure ‎9.38: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (30 ppm 






































Figure ‎9.39: Trends from UV light photocatalytic destruction of selenocyanate at pH 8 (30 ppm 
selenocyanate, 15 ppm phenol, 450 ppm EDTA added at 5 hours). 
 
9.2 Effect of EDTA Concentration 
9.2.1 10 ppm Selenocyanate Concentration 
Previous studies have shown the significance of hole scavengers on photocatalytic 
removal of selenite and selenate from aqueous phase. Recently, Vohra (2015) also 
highlighted the importance of hole scavenger EDTA for photocatalytic reduction of 
selenite and selenate resulting from oxidation of selenocyanate [37]. For this study, we 
also investigated the possibility of phenol acting as a hole scavenger by conducting an 
experiment without adding EDTA. Figure 9.40 shows experimental trends for 
photocatalytic removal of 10 ppm selenocyanate at pH 4 in the presence of 5 ppm phenol. 
Oxidation of selenocyanate to selenite and then to selenate is observed. However, 




































photocatalytic reduction of selenite and selenate to elemental selenium. Inability of 
phenol to act as a hole scavenger in this case can be attributed to low concentration of 





recombination that in turn would have left enough e
-
 species for selenite/selenate 
reduction. Labaran and Vohra (2014) noted a similar while exploring use of tiocyanate as 
a possible hole scavenger [28]. Vohra (2015) has shown that any meaningful removal of 
selenocyanate should be preceded by complete destruction of selenocyanate followed by 
subsequent formation and removal of selenite and selenate via reduction route, a 
condition that is not met here since complete phenol degradation come first before 
complete selenocyanate destruction [37]. We also summarize here the already mentioned 
SeCN/phenol findings to gain an overall summarized insight into respective removal 
trends. Looking at the results for the photocatalytic removal of 10 ppm selenocyanate in 
the presence of 5 ppm phenol and 150 ppm EDTA at pH 4, reduction of selenate to 
elemental selenium was observed after EDTA addition (Figure 9.2). Selenite 
concentration however remains almost constant after the addition of EDTA probably due 
to limited amount of EDTA for scavenging action.  An increase in EDTA concentration 
to 300 ppm (Figure 9.6) lead to an increase in total selenium removal. A decrease in both 
selenite and selenate concentrations was observed, which showed that despite incomplete 
oxidation of selenite to selenate, the presence of right amount of hole scavenger can 
result in significant photoreduction of both selenite and selenate. A further increase in 
EDTA concentration from 300 ppm (Figure 9.6) to 450 ppm (Figure 9.14) resulted into 





selenium removal after 10 hours of irradiation in the presence of 150 ppm, 300 ppm, and 
450 ppm EDTA concentrations were 56, 76, and 87% respectively.  In the event of 
EDTA addition, simultaneous oxidation of EDTA and reduction of selenite and selenate 
will prevail. We now summarize the effect of EDTA concentration on photocatalytic 
removal of 10 ppm selenocyanate at pH 8 and in the presence of 5 ppm phenol and the 
results in the presence of 150 ppm, 300 ppm, and 450 ppm EDTA as presented in Figures 
9.4, 9.10 and 9.15 respectively. Increase in the rate of selenite and selenate reduction to 
elemental selenium was observed when EDTA concentration was increased from 150 
ppm (Figure 9.4). Regarding the effect of EDTA concentration on the removal of 10 ppm 
selenocyanate in the presence of 15 ppm phenol at both pH4 and pH 8 and the results 
were displayed in Figures 9.18 to 9.21. At pH 4, increase in EDTA concentration from 
150 ppm (Figure 9.16) to 300 ppm (Figure 9.20) lead to about 2% increase in total 
selenium removal. Likewise, similar increase in EDTA concentration at pH 8 resulted in 
about 5% increase in total selenium removal (Figures 9.18 and 9.21).  
Furthermore, Figure 9.41 shows photocatalysis trends for phenol removal and reaction 
intermediates formation for 10 ppm selenocyanate and 5 ppm phenol system at pH 4. 
Complete phenol removal was achieved within 5 hours with maximum benzeneseleninic 
acid and hydroquinone formations of about 5% and 4% respectively. Now comparing 
phenol removal trends in Figure 9.41, with those in the presence of 150, 300, and 450 






Figure ‎9.40: Trends from UV light photocatalytic destruction of selenocyanate at pH 4 (10 ppm 




Figure ‎9.41: Trends from UV light photocatalytic destruction of phenol at pH 4 (10 ppm 







































































10 RSM AND KINETIC MODELING 
10.1 RSM MODELING USING FACE-CENTERED CENTRAL 
COMPOSITE DESIGN 
Conventional optimization techniques where only one variable is dependent and other 
variables fixed is becoming infamous for various disadvantages. Firstly, it requires large 
number of experiments to estimate the effect of factors which makes it tiresome and 
resource consuming. Secondly, this once-factor-at-a-time experimental design hardly 
provide the necessary information for estimating interactions between the dependent 
variables. This opens the door for statistical optimization techniques or design of 
experiments also known as DOE such as response surface methodology (RSM). A 
response surface methodology is nothing but a collection of statistical and mathematical 
techniques to develop, improve and optimize processes. By employing the modern design 
of experiments, we can maximize the accuracy of the information we get from 
experiments. In addition, number of experiments necessary for obtaining the required 
information can also be reduced without compromising on the accuracy of estimating 
some physical characteristics that are the objectives of the experiment. Finally, the 
capability of a model to predict the performance of other designs can be maximized by 
creating a response surface. Therefore, the main objective of response surface 





Composite Design are the most widely used response surface technique and is considered 
one of the most reliable for the determination of optimum points [154]. Though most of 
the response surface techniques has the capability of predicting single effects and 
interactions, central composite design has an added advantage of estimating curvature 
because of their efficiency in determining the coefficients of second order polynomials 
[155, 156]. Central composite designs contain an embedded factorial or fractional 
factorial design that is augmented by adding center points and axial or star points [157]. 
Therefore, a central composite design consists of three type of points i.e., fractional 
factorial points, axial points that are located at equal distances α from the center of the 
design and the center points with all coordinates equal to zero [158]. The function of the 
star points is to allow for accurate estimate of curvature. There are three types of central 
composite design, circumscribed central composite (CCC), inscribed central composite 
(ICC), and face-centered central composite (FCC) [158]. While the first two require five 
level for their design, FCC can be designed with only three levels. For this type of design, 
the axial points are located at the center of each face of the factorial space. We thus 
employed face-centered central composite for optimizing photocatalytic degradation 
process for the removal of selenocyanate and phenol in competitive environment. Table 
10.1 shows experimental levels for the four factors under consideration, i.e., pH (A), 
selenocyanate concentration (B), phenol concentration (C), and EDTA concentration (D). 







Table ‎10.1: Factors and their levels 
Factors Level -1 Level 0 Level +1 
A = pH 4 6 8 
B = selenocyanate concentration (ppm) 10 20 30 
C = phenol concentration (ppm) 5 10 15 
D = EDTA concentration (ppm) 150 300 450 
 
10.1.1 Response Surface Model 
UV light photocatalysis results discussed in chapter 9 were employed for response 
surface modeling to determine the optimum conditions for the removal of selenocyanate 
and phenol. Using the factor levels in table 10.1, we design an experiment using face-
centered central composite design with a single center point. Factors combination and the 
corresponding responses for the 25 runs conducted according to the experimental design 
are presented in Table 10.2. Total selenium removal and phenol removal responses were 
fitted to linear model (equation 10.1) and two factor interaction i.e., 2FI model (equation 
10.2) respectively by design expert version 10. P-values for model and significant model 
terms based on 5% level of significance are presented in Table 10.3. Though higher-order 
(quadratic and cubic) models produced better fit in terms of R
2





order models were suggested by the software because of their higher adjusted and 
predicted R-squared values compared to the higher-order models. R
2
 value is often bias 
since addition of model terms to the model will always increase its value regardless of 
significance of those model terms. Adjusted R-squared is a modified version of the R
2
 
that is adjusted for the number of terms in the model and it increases with an addition of a 
new term only if that term improves the model more than would be expected by chance. 
Predicted R-squared on the other hand is a measure of how a model predicts new 
responses for new observations. Both adjusted and predicted R-squared are always less 
than R-squared and are said to agree with each other if their difference is less than 0.2. 
The difference is less than 0.035 for the two models as depicted by the adjusted and 
predicted R-squared values in table 10.4 Box and Cox (1964) developed a plot for the 
determination of power (Lambda) by which dependent variable will be raised in order to 
improve normality [159]. Lambda of 0 and 1 were obtained from Box-Cox plots for total 
selenium removal (Figure 10.1) and phenol removal (Figure 10.2) respectively. A lambda 
of 0 signifies that a Log transform is required. Therefore, Natural Log transformation was 
applied to the total selenium removal model as shown in equation 10.1 and Table 10.4. 
The effects of pH, selenocyanate concentration, phenol concentration, and EDTA 
concentration as predicted by the model are shown in Figures 10.3 to 10.6. Figure 10.3 
shows that an increase in initial pH and selenocyanate concentration decreases percent-
based total selenium removal. Figure 10.4 shows the effect of phenol and EDTA 
concentrations on photocatalytic removal of total selenium. A decrease in total selenium 





concentration increases total selenium removal. The effect of pH and selenocyanate 
concentration on phenol removal are shown in Figure 10.5. While an increase in phenol 
removal is observed with an increase in pH, a decrease is observed with an increase 
selenocyanate concentration. Furthermore, phenol and EDTA concentrations decreases 
phenol removal as depicted in Figure 10.6. These effects are in agreement with our 
discussions in chapter 9.   
To further validate these models, we employed normal probability plots of residuals. One 
of the assumptions of a linear regression model is that the error terms are normally 
distributed. For this to be true, normal probability plot of residuals should be linear. The 
error terms plots (Figures 10.7 and 10.8) almost falls on a straight line, suggesting a good 
linearity between residuals and predicted values. Furthermore, normal probability plots 
are also used as diagnostic tools for finding some elements that differ from others [160]. 
The linearity of the plots suggest that the model elements are not significantly different 
from each other. Another important diagnostic tool is the plot of studentized residuals 
versus predicted values shown in Figures 10.9 and 10.10 for total selenium and phenol 
removal respectively. It is a scatter plot of studentized residuals on y axis versus 
predicted responses on x axis that is used to detect non-linearity, unequal error variances, 
and outliers. The residuals are scattered randomly around the “0” line which suggests the 
assumption of linearity is reasonable. Also, all the studentized residuals falls within -4 
and +4, and thus none of the points can be considered as an outlier assuming that the data 
follows a t-distribution. Figure 10.11 and 10.12 show plots of studentized residuals 





decrease in residuals with run will signify a serial correlation. The residuals are randomly 
scattered around the “0” line without any definite pattern which eliminates time 
correlation. Another simple way of evaluating models is through a plot of predicted 
versus actual plots (Figure 10.13 and 10.14) [161]. For a good fit, the plot should pass 
through 0 at 45 angle, with points very close to the line. Points that are far away from the 
line adversely affects the model fit by either pulling the model towards the point or 
becoming outliers. Figure 10.13 and 10.14 show a very good fit between the predicted 
and the actual responses, with all data points almost falling on the line. To determine the 
relative significance of the model terms, a Pertubation for total selenium removal (Figure 
10.15) and phenol removal (Figure 10.16) were plotted. The relative significance of the 
model terms follows the order selenocyanate concentration > pH > EDTA concentration 
> phenol concentration and phenol concentration > selenocyanate concentration > pH > 
EDTA concentration for total selenium and phenol models respectively.  
 
Ln(Selenocyanate Removal) =  3.64 - 0.14*A - 0.32*B - 0.11*C+0.12*D   ‎10.1 



























1 8 20 10 300 25.8884 97.171 
2 6 30 10 300 25.1991 88.3796 
3 4 30 15 150 25.6446 71.4424 
4 6 10 10 300 47.7649 99.7061 
5 6 20 15 300 32.8255 90.1285 
6 8 10 15 150 41.3556 100 
7 8 30 15 150 20.7151 84.1915 
8 4 10 15 150 51.5348 98.952 
9 4 10 5 450 86.6552 100 
10 6 20 5 300 42.6386 98.2039 
11 8 10 15 450 46.7593 89.4432 
12 8 30 5 150 21.3356 99.2992 
13 4 30 5 450 41.5587 90.9726 
14 6 20 10 300 36.2643 92.3628 
15 4 30 5 150 21.871 92.8101 
16 6 20 10 150 35.5022 97.7028 
17 4 20 10 300 41.7476 87.038 
18 4 10 5 150 56.6481 100 
19 8 30 5 450 36.4757 99.8711 
20 8 10 5 150 50.4431 100 
21 4 10 15 450 53.347 91.2155 
22 6 20 10 450 43.5684 96.6477 
23 8 30 15 450 23.6947 79.3278 
24 4 30 15 450 37.6494 64.7216 






Table ‎10.3: Significant level of models and model terms 
 Significance of model and model terms 
Responses Model A B C D AB BC CD 
ln(Total selenium removal) < 0.0001 0.0007 < 0.0001 0.0091 0.0002    
Phenol removal < 0.0001 0.0003 < 0.0001 < 0.0001 0.0129 0.0010 < 0.0001 0.0180 
 
 
Table ‎10.4: Salient characteristics of the model  











Natural Log 27.700 0.9140 0.8967  0.8630 
Phenol 
removal 













Low C.I. = -0.57
High C.I. = 0.52
Recommend transform:
Log
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Design points below predicted value
86.66
20.67
X1 = A: pH
X2 = B: Selenocyanate Concentration
Actual Factors
C: Phenol = 10



















































Design points above predicted value
Design points below predicted value
86.66
20.67
X1 = C: Phenol
X2 = D: EDTA
Actual Factors
A: pH = 6
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X1 = A: pH
X2 = B: Selenocyanate Concentration
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C: Phenol Concentration = 10
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Normal Plot of Residuals







































Normal Plot of Residuals

















Figure ‎10.9: Externally studentized residuals versus predicted plot for total selenium removal 
Design-Expert® Software
Ln(Selenocyanate Removal)










































Figure ‎10.10: Externally studentized residuals versus predicted plot for phenol removal 
Design-Expert® Software
Phenol Removal










































Figure ‎10.11: Externally studentized residuals versus run plot for total selenium removal 
Design-Expert® Software
Ln(Selenocyanate Removal)










































Figure ‎10.12: Externally studentized residuals versus run plot for phenol removal 
Design-Expert® Software
Phenol Removal










































Figure ‎10.13: Predicted responses versus actual responses for total selenium removal 
Design-Expert® Software
Ln(Selenocyanate Removal)

























































A: pH = 6
B: Selenocyanate Concentration = 20
C: Phenol = 10
D: EDTA = 300











































Figure ‎10.16: Pertubation plots for phenol removal 
 
10.1.2 Models Validation 
In order to validate the models obtained and diagnosed in section 10.1.1, four set of 
experiments were conducted using factor levels that are within the domain of the design 
of experiment, but not part of the design points. Factor levels, actual responses, predicted 
responses calculated with equations 10.1 and 10.2, and percent errors were presented in 
Table 10.5. A good agreement is observed between the experimental and predicted 





A: pH = 6
B: Selenocyanate Concentration = 20
C: Phenol Concentration = 10
D: EDTA concentration = 300



































and actual responses fall between 11.1606 and 12.1669, showing a very good prediction. 
The model prediction was even better for phenol removal model where percent error as 
low as -0.5 was obtained. The maximum error was -7.0153 showing as excellent ability 
of the model to predict responses within the domain of the experimental design. 
Table ‎10.5: Actual and predicted responses for model validation  













1 4 10 5 300 76.1704 67.3565 11.5713 100 100.5 -0.5 
2 6 10 5 300 52.2052 58.5570 -12.1669 100 100.68 -0.68 
3 4 20 5 450 48.9308 55.1469 -12.7037 89.3870 95.69 -7.0513 
4 8 10 5 300 45.7959 50.9070 -11.1606 100 100.86 -0.86 
 
10.1.3 Models Optimization 
Numerical optimization is usually the last step in response surface where sets of factor 
levels that optimizes the response based on predefined constraints are obtained. These 
constraints are termed goals and are combined in order to come up with an overall 
desirability (1 ≥ desirability ≥ 0). This step simply maximizes or minimizes a response by 
systematically choosing independent variables within an allowed set. The goals for the 





solution and vice versa. Since optimization is a multi-model, i.e., it possesses various 
good solutions, we present the best 10 possible solutions for the optimization of 
photocatalytic removal of selenocyanate and phenol in competitive environment in Table 
10.7. Case 1 has the highest desirability of 0.921 and thus it represents the optimum 
conditions for competitive photocatalytic removal of selenocyanate and phenol. The 
optimum factors are pH4, 10 ppm selenocyanate concentration, 5 ppm phenol and 450 
ppm EDTA concentration. 
Table ‎10.6: Constraints for model optimizations 









A:pH is in 
range 





10 30 1 1 3 
C:Phenol Concentration is in 
range 
5 15 1 1 3 
D:EDTA concentration is in 
range 
150 450 1 1 3 
Total Selenium Removal maximize 20.6692 86.6552 1 1 3 
Phenol Removal maximize 64.7216 100 1 1 3 
  
Table ‎10.7: Optimized factor levels and corresponding responses and desirabilities 












1 4.000 10.000 5.000 450.000 76.631 100.497 0.921 Selected 
2 4.000 10.000 5.058 450.000 76.533 100.449 0.920  
3 4.023 10.013 5.000 450.000 76.471 100.492 0.920  
4 4.000 10.092 5.000 449.997 76.408 100.452 0.919  
5 4.027 10.000 5.106 450.000 76.307 100.413 0.918  
6 4.004 10.000 5.000 445.064 76.301 100.497 0.918  
7 4.075 10.001 5.000 449.999 76.217 100.503 0.918  
8 4.000 10.000 5.265 449.997 76.189 100.281 0.917  
9 4.000 10.000 5.325 449.882 76.084 100.233 0.916  






10.2 KINETIC MODELING 
Kinetic modeling is a very important issue in photocatalysis as it helps engineers and 
scientists to know how fast a certain reaction can go. Chemical kinetics is based on the 
relationship between quantity of a substance and time, otherwise known as reaction rates. 
Chemical kinetics is different from chemical equilibrium and chemical thermodynamics 
where the reactants and the products are in balance [162]. Therefore, chemical kinetics is 
concerned about chemical rates that also helps us to understand the mechanisms of 
product(s) formation from reactant(s) through pathways. Considering this, we model the 
kinetic of competitive photocatalytic removal of selenocyanate and phenol to understand 
the mechanisms of their removal. Modeling the disappearance of a reactant without 
considering the formation and disappearance of reaction intermediates is simple as it only 
requires fitting experimental data to nth order model. Various photocatalytic decay 
processes has been represented by these simple models  [162]. However, such models do 
not give us the required information to probe the mechanistic details of the chemical 
processes. However, for stepwise, composite, or complex reactions where more than once 
steps in involved, individual elementary steps must be incorporated in the models. 
Experimental results in chapter has shown that competitive photocatalytic removal of 
selenocyanate and phenol proceeds via multiple and parallel steps. The proposed 
mechanism for the degradation of phenol and selenocyanate is presented in table 10.8. In 
the proposed scheme, pyrocatechol, resorcinol, and hydroquinone are lumped into a 
single pseudo specie and named benzenediols for simplification of the model. It is also 





considered to be kinetically insignificant and thus dropped. For example, acetic acid and 
formic acid were detected qualitatively and thus were not considered part of the modeling 
process. Degradation of parent compounds and intermediates was assumed to be as a 
result of photocatalytic reactions on the TiO2 surface. Considering first order reaction 
kinetic and principles of mass balance and mass transfer, differential equations (DF) were 
setup according to rates in Table 10.8 (Equations 10.3 to 10.8). The differential equations 
represent the rate of change of selenocyanate, selenite, selenate, phenol, benzeneseleninic 
acid, and benzenediols respectively.    
The differential equations were solved via Wolfram Mathematica 10 using 
ParametricNDSolve command. The models were fitted to the experimental data using 
Nonlinear regression analysis. Apparent reaction rate constants for the developed reaction 
mechanisms under varying experimental conditions as well as adjusted R
2
 values are 
presented in Table 10.9. A good correlation between the experimental and modelled 
results is observed with maximum, minimum, and mean adjusted R
2
 values of 0.9990, 
0.7787, 0.9694. Table 10.9 shows that out of 34 sets of experimental results modelled, 
only two were not fitted well by the model (adjusted R
2
 values of 0.7787 and 0.8993). 
However, for the remaining 32 experiments, a very good to excellent fit was achieved. 
Experimental and model fits for the reported rate constants are shown in Figures 10.17 to 
10.50. Cross correlation matrices close to ±1 indicate a high correlation between the 
kinetic constants used in optimization as observed in correlation matrices (not shown 
here). On a general note, no significant difference in k1 is observed across different pH 





10.9). This suggests that increase in photocatalytic degradation of selenocyanate with 
decrease in pH is because of increased formation of benzeneseleninic acid. Furthermore, 
increase in k5 (conversion of phenol to benzenediols) with an increase in pH is also 
observed because of increase in OH ions and radicals‟ concentrations with increase in 
pH. However, increase in k5 has more effect on k3 as compared to k1 probably due to 
higher selenocyanate/phenol mole ratio in most of the experiments. The preferred 
pathway for the removal of phenol is therefore through the formation of benzene 
seleniunic acid and benzenediols at low pH and high pH values respectively.  
Furthermore, the rate of selenocyanate conversion to selenite also decreases with an 
increase in initial selenocyanate and phenol concentrations as highlighted by lower k1 
values at elevated selenocyanate and phenol concentrations. This is also true for phenol 
degradation, where higher degradation rate constants (k5) were observed for lower phenol 
and selenocyanate concentrations. Model fits in Figures 10.17 to 10.50 shows that an 
excellent fit is achieved in single systems with either selenocyanate or phenol only 
(Figure 10.45 and 10.50 respectively) as a result of cross correlation that exists between 
model parameters in mixed systems. Furthermore, a better fit is observed generally for 
the reactants in comparison to the intermediates probably due to contribution of other 
intermediates not considered in the model. However, despite some limitations in the 
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Table ‎10.8: Proposed reaction scheme for the degradation of phenol and selenocyanate 
Reaction Rate 
     
         
    
        
                   
      
    
    
       
    
        
                     
      
           
     
    
                  
            
      
            
           
    
                
         
         
          
    
                 
          
            
          
    
                    
         






Table ‎10.9: Estimated parameters for competitive photocatalytic removal of selenocyanate and 
phenol under different experimental conditions using reaction schemes in equations 10.3 to 10.8 
 Experimental Conditions Apparent Rate Constants 
S/No. pH SeCN Phenol EDTA k1 k2 k3 k4 k5 k6 R
2 
1 4 10 5 150 0.0124 0.0137 0.4219 0.0013 0.0139 0.9460 0.9322 
2  8 10 5 150 0.0113 0.0465 <0.0001 0.0255 0.1013 0.4892 0.9806 
3 4 10 5 300 0.0120 0.0320 0.2666 0.0010 0.0035 0.9835 0.9219 
4 6 10 5 300 0.0124 0.0415 0.2718 <0.0001 0.0089 0.8263 0.9796 
5 8 10 5 300 0.0133 0.0530 <0.0001 0.0305 0.1334 0.3899 0.9883 
6 10 10 5 300 0.0124 0.0471 0.1892 0.0185 0.0566 0.5628 0.9865 
7 4 10 5 450 0.0120 0.0195 0.4814 0.0010 0.0061 0.9855 0.8993 
8 8 10 5 450 0.0089 0.0286 <0.0001 0.0351 0.3872 0.1911 0.9924 
9 4 10 15 150 0.0127 0.0230 0.0911 0.0047 0.0509 0.7981 0.9715 
10 8 10 15 150 0.0085 0.0134 0.0649 0.0097 0.0553 0.2056 0.9847 
11 4 10 15 450 0.0116 0.0134 0.0511 0.0042 0.0758 0.6759 0.9858 
12 8 10 15 450 0.0038 0.0151 0.0182 0.0077 0.0809 0.2799 0.9869 
13 4 20 10 300 0.0090 0.0150 0.0989 0.0004 <0.0001 0.4276 0.9552 
14 6 20 10 300 0.0024 0.0973 0.0902 0.0000 <0.0001 0.5955 0.9867 
15 8 20 10 300 0.0025 0.0309 0.0144 0.0086 0.2708 2.2779 0.9969 
16 4 30 5 150 0.0089 0.0055 0.4136 <0.0001 <0.0001 0.9206 0.9248 
17 8 30 5 150 0.0044 0.0540 0.0438 0.0010 0.0014 0.2783 0.9896 
18 4 30 5 450 0.0082 0.0100 0.2191 <0.0001 0.0007 0.6651 0.9681 
19 8 30 5 450 0.0070 0.0192 0.0121 0.0110 0.0656 0.3574 0.9530 
20 4 30 15 150 0.0033 0.0105 0.0437 <0.0001 0.0701 0.4670 0.9703 
21 8 30 15 150 0.0009 0.0963 0.0136 0.0038 0.0171 0.4635 0.9973 
22 4 30 15 450 0.0045 0.0059 0.0474 <0.0001 0.0864 0.5873 0.9518 





24 4 10 5 0 0.0140 0.0099 0.1367 0.0043 0.0557 0.9140 0.9544 
25 6 20 10 450 0.0026 0.0366 0.0547 0.0022 0.0183 0.4621 0.9966 
26 6 20 10 150 0.0055 0.0341 0.0209 0.0078 0.0956 0.3784 0.9908 
27 4 10 50 0 0.0082 0.0092 0.0186 0.0009 0.1515 0.6191 0.9990 
28 6 10 10 300 0.0058 0.0568 0.0782 0.0058 0.0479 0.6952 0.9903 
29 6 20 0 300 0.0141 0.0161         0.9814 
30 6 20 5 300 0.0070 0.0457 0.0917 0.0035 0.3968 0.2011 0.9758 
31 6 20 15 300 0.0021 0.3241 0.0224 0.0034 0.0181 0.5243 0.9955 
32 4 20 5 450 0.0119 0.0071 0.1000 <0.0001 0.2424 0.1000 0.7787 
33 6 30 10 300 0.0020 0.1057 0.0245 0.0039 0.0465 0.2837 0.9975 














11 CONCLUSIONS AND RECOMMENDATIONS 
11.1 CONCLUSIONS 
TiO2 based adsorption and photocatalysis were studied for the removal of aqueous phase 
selenocyanate species. Firstly, we studied competitive adsorption of aqueous phase 
selenite, selenate and selenocyanate species onto titanium dioxide (TiO2) under a varying 
set of conditions and respective details on both experimental and modelling findings are 
reported. Studies completed under binary selenite & selenate mixed conditions indicated 
that selenite adsorption is not affected by selenate species with high selenite removal noted 
specifically at acidic pH values. However, selenate adsorption was suppressed by selenite 
species. This indicated that relative affinity of TiO2 surface sites is higher for selenite 
compared to selenate species. However, findings from selenite/selenocyanate and 
selenate/selenocyanate mixed systems showed no competitive effect. These findings 
indicate that both selenite and selenocyanate species adsorption is not affected in the 
respective binary systems whereas selenate removal is suppressed by selenite species. 
Similar adsorption trends were also noted for the tertiary mixed systems having selenite, 
selenate, and selenocyanate species under a varying set of mixed conditions. Also, the 
overall percent based adsorption at pH above 4 indicated the following trend: selenite > 
selenocyanate > selenate. We also completed an extensive modelling exercise employing 
the diffuse layer model. The respective surface complexation species included an inner 
sphere type complex for selenite, i.e., Ti-SeO3
-





species outer sphere complexes were considered, i.e., Ti-H2O-SeO4
-
 and Ti-H2O-SeCN. 
These findings were supported by good to reasonable adsorption estimations for respective 
selenium species onto TiO2 over a wide range of conditions. After the adsorption studies, 
solar photocatalytic removal of selenocyanate only was investigated, followed by 
comprehensive investigation on the efficiency of UV and solar light assisted TiO2 based 
photocatalytic degradation (PCD) processes for the competitive destruction of 
selenocyanate complex along with simultaneous removal of co-pollutants ammonia, 
cyanide, thiocyanate, and phenol from simulated mixed wastewater streams.  Higher solar 
photocatalytic removal of selenium species transpired at pH 4 and it increased with an 
increase in both initial selenium and initial EDTA concentrations. The mechanism for 
selenocyanate removal is via SeCN complex destruction followed by stepwise oxidation 
to selenite and then to selenate, which in turn are reduced to elemental selenium using 
hole scavenger EDTA. While co-pollutants selenite, selenate, and ammonia do not 
significantly affect selenocyanate removal, photocatalytic removal of selenocyanate is 
suppressed in the presence of phenol, cyanide and thiocyanate. It is worth noting that 
while selenium and thiocyanate species were converted to elemental selenium and sulfate 
respectively, no significant removal of ammonia and cyanide was noted. The mechanism 
of phenol removal in the presence of selenocyanate involves the formation of 
benzeneseleninic acid, hydroquinone, resorcinol, and pyrocatechol as primary 
intermediates. Secondary intermediates include maleic acid, formic acid and fumaric acid 





Design of experiment (DOE) using face-centered central composite design was employed 
for modelling photocatalytic removal of selenocyanate and phenol under competitive 
environment via design expert version 10.  Natural log transformed Linear and non-
transformed two factor interaction mathematical models were developed for 
selenocyanate and phenol removal with R
2
 values of 0.9140 and 0.9395 respectively.  
The difference between adjusted R
2
 and predicted R
2
 values was less than 0.2, showing a 
good agreement between the two. The models were validated using various statistical, 
diagnostic tools, and experimental validation. By setting maximum selenocyanate and 
phenol removal as optimal goals, optimal process conditions of pH 4, 10 ppm 
selenocyanate, 5 ppm phenol and 450 ppm EDTA concentrations were established by 
design expert with desirability of 0.921. RSM modelling prove to be an economical way 
for the removal of selenocyanate and phenol from aqueous phase using the optimization 
techniques. 
Lastly, kinetic models for photocatalytic removal of selenocyanate and phenol under 
varying experimental conditions were developed by considering degradation of reactants 
and the formation and disappearance of reaction intermediates. First order reaction 
kinetics, and mass law were considered in solving differential equations representing the 
rate of change of each reactant using Mathematica to obtain reaction rate constants. 
ParametricNDSolve and NonlinearModelFit command were utilized for solving the 
differential equation and fitting the experimental data to the model respectively. A good 
correlation between the experimental and modelled results is observed with maximum, 
minimum, and mean adjusted R
2





kinetic studies suggest selenocyanate removal via oxidation to selenite and then selenate 
and reaction of selenocyanate and phenol to form benzeneseleninic acid especially at low 
pH values. Formation of benzenediols and benzeneseleninic acid were the dominant 
mechanisms for phenol removal at high and low pH values respectively. These findings 
from kinetic modelling proves to be vital for controlling the process conditions for 
selecting preferable pathway for the degradation of selenocyanate and phenol using TiO2 
based photocatalysis.  
11.2 RECOMMENDTIONS 
Based on the results from this research, we recommend further research in the following areas:  
 Application of surface complexation modelling using other advanced models such as 
charge distribution multi-site complexation (CD-MUSIC) model and Triple layer model 
can also be explored. 
 Photocatalytic degradation of selenocyanate in mixed condition with co-pollutants 
should be investigated using improved photocatalysts that will improve light absorbance 
and hence photocatalytic degradation. 
 Kinetic modelling for competitive photocatalytic removal of selenocyanate in the 
presence of co-pollutants selenite, selenate, thiocyanate, cyanide and ammonia should 
also be investigated. 
 The current research modelled the kinetic of selenocyanate and phenol removal using 
apparent rate constants, a more complex model utilizing adsorption constants and 
various pathway will add to the current knowledge. 
 Comparison of various RSM models such as Box-Behnken, full factorial, and other 
central composite designs for the removal of selenocyanate in the presence of various 





Appendix A: Kinetic model fits for competitive removal of 
selenocyanate and phenol using UV lamp assisted photocatalysis 
  
Figure A. 1: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (10 ppm selenocyanate, 5 ppm 
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Figure A. 2: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (10 ppm selenocyanate, 5 ppm 
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Figure A. 3: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (10 ppm selenocyanate, 5 ppm 
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Figure A. 4: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 6 (10 ppm selenocyanate, 5 ppm 
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Figure A. 5: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (10 ppm selenocyanate, 5 ppm 
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Figure A. 6: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 10 (10 ppm selenocyanate, 5 ppm 
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Figure A. 7: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (10 ppm selenocyanate, 5 ppm 
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Figure A. 8: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (10 ppm selenocyanate, 5 ppm 
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Figure A. 9: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (10 ppm selenocyanate, 15 ppm 
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Figure A. 10: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (10 ppm selenocyanate, 15 ppm 
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Figure A. 11: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (10 ppm selenocyanate, 15 ppm 
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Figure A. 12: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (10 ppm selenocyanate, 15 ppm 
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Figure A. 13: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (20 ppm selenocyanate, 10 ppm 
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Figure A. 14: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 6 (20 ppm selenocyanate, 10 ppm 
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Figure A. 15: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (20 ppm selenocyanate, 10 ppm 
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Figure A. 16: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (30 ppm selenocyanate, 5 ppm 
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Figure A. 17: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (30 ppm selenocyanate, 5 ppm 








































Benzene Seleninic Acid 











Figure A. 18: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (30 ppm selenocyanate, 5 ppm 
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Figure A. 19: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (30 ppm selenocyanate, 5 ppm 
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Figure A. 20: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (30 ppm selenocyanate, 15 ppm 
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Figure A. 21: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (30 ppm selenocyanate, 15 ppm 
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Figure A. 22: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (30 ppm selenocyanate, 15 ppm 
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Figure A. 23: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 8 (30 ppm selenocyanate, 15 ppm 
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Figure A. 24: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (10 ppm selenocyanate, 5 ppm 
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Figure A. 25: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 6 (20 ppm selenocyanate, 10 ppm 
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Figure A. 26: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 6 (20 ppm selenocyanate, 10 ppm 
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Figure A. 27: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 4 (10 ppm selenocyanate, 50 ppm 
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Figure A. 28: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 6 (10 ppm selenocyanate, 10 ppm 
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Figure A. 29: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 6 (20 ppm selenocyanate, 0 ppm 













































Figure A. 30: Experimental and kinetic modelling results for UV light competitive 
photocatalytic removal of selenocyanate and phenol at pH 6 (20 ppm selenocyanate, 5 ppm 
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Figure A. 31: Experimental and kinetic modelling results for UV light competitive photocatalytic 
removal of selenocyanate and phenol at pH 6 (20 ppm selenocyanate, 15 ppm phenol, 300 ppm 
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Figure A. 32: Experimental and kinetic modelling results for UV light competitive photocatalytic 
removal of selenocyanate and phenol at pH 4 (20 ppm selenocyanate, 5 ppm phenol, 450 ppm 
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Figure A. 33: Experimental and kinetic modelling results for UV light competitive photocatalytic 
removal of selenocyanate and phenol at pH 6 (30 ppm selenocyanate, 10 ppm phenol, 300 ppm 
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Figure A. 34: Experimental and kinetic modelling results for UV light competitive 
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